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Preface

Over the past few years transesophageal echocardiography has become one of the most
exciting imaging modalities available today in modern clinical cardiology.
Transesophageal echocardiography through its portability, relatively inexpensive
equipment and semi-noninvasive nature is currently available and readily accessible to
almost every cardiac patient in comparison to other radiographic techniques. Multiplane
transesophageal echocardiography is the result of the technologic evolution of
echocardiography from single plane and biplane transducers over the past decade.
Multiplane transesophageal echocardiography provides high resolution cardiac images in
an infinite number of planes which, combined with conventional color Doppler
modalities, offers a superlative diagnostic tool for evaluating cardiac structure and
function. In addition to enhanced diagnostic capabilities, multiplane technology allows
for greater patient safety with less discomfort because transducer manipulation is
minimized. The advantages of multiplane transesophageal echocardiography are that it
provides an array of multiplane images in real time which offers a three-dimensional
perspective of cardiac anatomy that cannot be appreciated even by the cardiac
pathologist.

The aim of this atlas is to provide medical students, anesthesiologists, cardiac
surgeons and cardiologists with a concise but in-depth analysis of cardiac imaging from
an experience of over 10,000 transesophageal echocardiograms performed by the authors.
This atlas may also serve as a reference for diagnostic examples of cardiac pathology
physicians who practice transesophageal echocardiography. The format of each chapter is
consistent throughout, starting with normal cardiac structure and function, followed by
abnormalities of structure and function. Chapters include evaluation of prostheses,
interventional  cardiology  techniques and intraoperative  transesophageal
echocardiography. A concise explanation of measurements of cardiac chamber sizes and
function and Doppler are provided only for transesophageal echocardiographic
applications. Transesophageal echocardiographic images are juxtaposed with correlative
anatomic specimens to provide a clear understanding of normal and abnormal cardiac
anatomy.

Martin G St John Sutton
Alan R Maniet
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1
Normal transesophageal echocardiographic
examination

““A picture is worth a thousand words”

Historical perspective

In an effort to overcome the shortcomings of the transducers available for routine
transthoracic echocardiographic imaging, the possibility of imaging the heart posteriorly,
from within the esophagus, was explored, thus avoiding ultrasound attenuation by the
lung. Transesophageal echocardiography grew from the development and the concurrent
advancements of the fiber-optic gastroscope, as shown in the historical time line in figure
1.1. Most notably, the development of a flexible scope meant that the transducer could be
positioned within the esophagus, aiming the ultrasound beam towards the heart and
permitting airfree contact with the esophageal wall.

The evolution of transesophageal echocardiography began essentially with the
introduction of an M-mode transducer mounted on an endoscope by Frazin'in 1976. Left
ventricular function was assessed and monitored by measuring the change in left
ventricular dimensions between systole and diastole. Initially, M-mode transesophageal
echocardiography was restricted to the surgical arena, with the patient fully anesthetized.
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Figure 1.1 Historical timeline
illustrating the significant
developments of transesophageal
technologies. Biplane transesophageal
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echocardiography (TEE) was
introduced in the early 1980s with
multiplane TEE probes introduced
almost 10 years later. Multiplane
transesophageal technology represents
a significant advance in imaging
capability over biplane imaging, thus
caution should be exercised when
evaluating the transesophageal
literature so as not to confuse the
improved diagnostic capability for
multiplane transesophageal
echocardiography.

CRITICAL

ECHO LAB 35%

CARE 17%

SURGICAL 48%
MCABG 16%
BVALVE 16%
BACRTA 7%
CICONGENITAL 2%
EINONCARDIAC 4%

Figure 1.2 Indications for TEE can be
grouped according to the venue where
TEE is performed. TEE performed in
the echocardiography laboratory,
largely consist of outpatient studies
and comprise 35% of the total number
performed. TEEs in this setting are
performed to evaluate cardiac source
of systemic thromboembolism and for
endocarditis. TEEs in the critical care
setting include evaluation of patients in
the critical care units for deteriorating
hemodynamics and in the emergency
department to evaluate the aorta for
dissection. TEEs performed during
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cardiac surgery (48%), constitute the
largest number of procedures
performed in our institution. transducer
in Germany, which changed the focus
of transesophageal echocardiography
from cardiac monitoring to clinical
cardiac diagnosis.

The development of electronic scanners, by Souquet and colleagues® in 1982,
introduced the first phased-array two-dimensional transesophageal echocardiographic
transducer in Germany, which changed the focus of transesophageal echocardiography
from cardiac monitoring to clinical cardiac diagnosis.

Single plane transesophageal echocardiography transducers were soon developed for
clinical use, with 64 elements using a carrier frequency of 5.6 MHz. These transducers
provided excellent resolution and spatial two-dimensional echocardiographic images of
the left transverse plane of the left ventricular short axis. Color flow Doppler mapping
was added in the mid 1980s, and continuous wave Doppler technology was subsequently
incorporated in transesophageal echocardiographic transducers by the late 1980s, setting
the standards for the single plane (90° sector) transesophageal echocardiographic
transducer.

Biplane transesophageal echocardiographic transducers were developed, which
paralleled the introduction of smaller and more flexible endoscopes. Two small 32-
element 5.0 MHz transducers in opposite planes were mounted in a linear fashion at the
tip of the probe, allowing transverse and longitudinal axis imaging. Despite slight
degradation in image quality because of fewer elements, clinical diagnostic utility was
established by Hanrath and colleagues® in Germany, Seward and colleagues® at the Mayo
Clinic, and Omoto and colleagues® in Japan.

Further advances in endoscope technology led to smaller and more flexible scopes,
and to the development of pediatric transesophageal echocardiographic transducers,
which utilized fewer elements and higher frequencies (7.5 MHz).

The panoramic transducer introduced in the early 1990s stemmed from the
development of the annular array transducer. This technology allows for a wider field of
view (approximately 270°), which provides a full transaxial plane of the heart, and
paracardiac structures. Development of matrix-array transducers allowed horizontal and
longitudinal biplane images to be visualized simultaneously on the viewing screen;
however, matrix-array images compromised image resolution and quality.

Multiplane transesophageal echocardiographic transducers were introduced in the late
1980s, which derived from the ability to mechanically steer the transducer array from 0°
to 180°. A single transducer using phased-array technology allowed improved imaging
capabilities in an infinite number of planes with minimal probe manipulation. Current
developments in multiplane technology image acquisition and processing by computer in
real time has spurred the dynamic reconstruction of true three-dimensional cardiac
imaging in the conscious patient.
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Indications

The primary indications for transesophageal echocardiography are when adequate
information is not obtained from the transthoracic approach. The excellent cardiac images
that are obtained from the transesophageal echocardiogram may entice the
echocardiographer or the referring physician to request the transesophageal procedure,
resulting in overuse of transesophageal echocardiography. It is important to bear in mind
that transesophageal imaging is an invasive procedure, and that the small risk of
complication that exists must be outweighed by the information that can be obtained from
the transesophageal echocardiogram.

Aortic
Poor Digaaction
Hamodynamica 5%

12%

4%

c‘”g?.""” Ma=263  wal Mavion

Miscailaneous

1%

Prosthebc Yalve

" |
Malfunction sénn:;:l'u:
13% 289
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8%

Endocardita
21%

Figure 1.3 The primary indication for
transesophageal echocardiography is
when adequate information is not
obtained from the transthoracic
approach. The indications for TEE
have evolved over the past decade due
to improvements in technology, and
the increasing awareness by other
subspecialists regarding the
information that may be obtained
regarding specific cardiac
abnormalities. Current indications for
TEE vary according to the institution
and the availability of the procedure.
The pie chart illustrates the indications
for performing TEE over the past 10
years.
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The primary indications for transesophageal echocardiography are for evaluating the
posterior structures of the heart that cannot be adequately visualized due to poor acoustic
penetration with standard transthoracic transducers. In our institutions, transesophageal
echocardiography is performed only after the transthoracic echocardiogram is performed
and reviewed by the echocardiography staff physicians. Cardiac abnormalities are better
visualized with multiplane transducers than with monoplane or biplane transducers.™°

The indications for transesophageal echocardiography have evolved over the past
decade due to improvements in technology, better understanding of certain disease
processes, and realization by other subspecialists of the information that can be obtained
about cardiac structure and function (figure 1.2). In the cardiac surgical arena,™™°
transesophageal echocardiography has expanded its role as cardiac surgeons and
anesthesiologists have gained a better appreciation and recognition of the diagnostic
opportunities available with cardiac ultrasound. In many academic institutions,
transesophageal echocardiography is performed routinely during open-heart surgery. In
our institutions, 48% of all transesophageal echocardiograms are done in the operating
room. Transesophageal echocardiograms are done routinely during all valve replacement
cases (16%) to assess the valve pre-operatively for potential repair or replacement, and
postoperatively for mechanical performance, left ventricular function, and to assess the
seating of the valve ring and the presence of paraprosthetic leaks. Transesophageal
echocardiography plays a pivotal part during the repair of congenital cardiac
abnormalities in the pediatric and adolescent population (2%), and has largely replaced
cardiac catheterization as the diagnostic procedure of choice.’>?* Transesophageal
echocardiography also has an increasingly important role in routine coronary artery
bypass surgery (19%). Transesophageal echocardiography allows the early recognition of
complications that may occur during the coronary artery bypass grafting, assists in the
weaning from cardiopulmonary bypass, and enables assessment of the results of wall
motion abnormalities after bypass graft placement. Although the role of monitoring
cardiac function with transesophageal echocardiography initially met with much
enthusiasm, it has yet to be fully evaluated prospectively in non-cardiac surgical
patients.”**" Transesophageal echocardiography may play an extremely important part in
non-cardiac surgical cases (4%) when conflicting information is obtained from right heart
catheter monitoring, when the patients do not respond appropriately to standard therapy,
or when a patient is believed to have sustained a new cardiac event during the
perioperative period.

Transesophageal echocardiograms done in the echocardiography laboratory, which
comprised 35% of the total number of studies, were largely performed on outpatients for
diagnostic purposes; ie, to assess cardiac source of systemic thromboembolism, to rule
out endocarditis, to evaluate prosthetic valve function, and to assess cardiac structural
abnormalities, etc. (figure 1.2). Transesophageal echocardiograms done in the emergency
department or critical care units, which consisted of 17% of the total, have special
importance for the patient with hemodynamic collapse, to assess new cardiac and aortic
events, and to guide management of intravenous fluid and inotropic therapy.
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Current applications and indications

In a review of 10,000 cases done over the past decade by the authors, figure 1.3 illustrates
the specific indications for transesophageal echocardiograms. The major indications for
transesophageal echocardiography in our laboratories were to rule out a cardiac source of
embolus (28%) in patients with cerebrovascular events, to rule out vegetation in
suspected endocarditis (21%), and to evaluate valvular disease in native valves (8%) and
malfunction in prosthetic valves (13%).

Cardiac source of embolism

Transesophageal echocardiography has opened a whole new arena for identifying
intracardiac thrombi and other cardiac sources of thromboembolism.?®=*° Transesophageal
echocardiography is ideally suited for identifying thrombi, vegetation, intracardiac
masses, and tumors, pannus around prosthetic valves in the left heart chambers, and
atheromatous plaques and thrombus in the ascending, transverse, and descending aorta.**
%8 Structural abnormalities that predispose to formation or allow the transit of thrombi
from the venous system to the arterial system are easily visualized. These abnormalities,
which include atrial septal aneurysm, patent foramen ovale, right to left shunts, and
spontaneous echocardiographic contrast (signifying stasis of blood flow), are all readily
recognized with transesophageal echocardiography. In patients with suspected pulmonary
embolism, clots may be seen in the right heart chambers, and, during the acute event,
may even be seen in the proximal pulmonary arteries.*>°

Transesophageal echocardiography is used as a screening tool to detect left atrial
thrombus prior to cardioversion and also before mitral balloon valvuloplasty.**® Many
large-scale studies are currently underway to determine the efficacy and use of
transesophageal echocardiography in these clinical situations.

Endocarditis

Multiplane transesophageal echocardiography is a sensitive tool for detecting vegetations
in patients with bacteremia and suspected endocarditis.>*** Vegetations can be identified
on valves or shunt regions down to approximately 2 mm in diameter. Transesophageal
echocardiography plays a major role in assessing the valvular and paravalvular
complications that lead to hemodynamic compromise in patients with documented
endocarditis. The results of transesophageal echocardiography have been so encouraging
that transesophageal echocardiography is commonly requested in patients with
bacteremia irrespective of clinical signs or symptoms. However, when endocarditis is
suspected, there should be a low threshold for recommending transesophageal
echocardiography.
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Valvular and prosthetic valvular disease

Transesophageal echocardiography plays a major part in the assessment of valvular
disease when adequate image quality or image resolution is not achieved from
transthoracic echocardiography imaging. Patients are frequently taken directly to surgery
on the basis of echocardiographic results, without preoperative cardiac catheterization.**"
*® Transesophageal echocardiography is extremely useful for visualizing the aortic valve
orifice and the number of cusps present in aortic stenosis, for evaluating the mitral and
tricuspid valvular apparatus before surgical valve repair, and to assess postoperative
results. Transesophageal echocardiography is of great value in determining the suitability
for transcatheter mitral balloon valvuloplasty and for excluding atrial thrombi that are a
contraindication for mitral valvuloplasty. Abnormalities of the pulmonary valve can only
be reliably and fully appreciated with transesophageal echocardiography.”® A
comprehensive evaluation of prosthetic valves can be done more easily with multiplane
transesophageal echocardiography because the transducer can be maneuvered around the
acoustic shadowing and ghosting produced by the mechanical components of the
prosthesis.

Poor hemodynamics

In critically ill patients,*” transesophageal echocardiography can provide invaluable
information, and is commonly useful in identifying the cause of hemodynamic collapse.
Transthoracic echocardiography is frequently inadequate because of suboptimal image
quality, in part because positioning of the patient does not usually give optimum
echocardiographic windows, and it therefore is not possible to obtain the necessary
echocardiographic views. Transesophageal echocardiography is important for detecting
or excluding the presence of new global or regional wall motion abnormalities, for
assessing left and right heart systolic function, and detecting diastolic dysfunction, and
restrictive and tamponade physiology.

Cardiac mass and tumor

Transesophageal echocardiography is the diagnostic method of choice for detecting
cardiac masses and tumors,®>° especially when the diagnosis by transthoracic
echocardiography is equivocal. There is debate over the sensitivity of transesophageal
echocardiography compared with magnetic resonance imaging (MRI); however,
transesophageal echocardiography is easier to obtain because it can be brought to the
bedside and also because MRI is not available in every medical institution.

Thoracic aorta

Transesophageal echocardiography is excellent for the evaluation of aortic aneurysm,
aortic rupture, and dissection.>*> Transesophageal echocardiography is the procedure of
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choice for diagnosing acute aortic dissection allowing early classification of the type of
dissection, and identification of the entry and re-entry site or sites of the initial tear and
planning management. Transesophageal echocardiography enables measurements of the
aorta in regions of aneurysmal dilation, and determination of the size of the aortic
annulus for selecting appropriate graft sizes. Transesophageal echocardiography is also
helpful in identifying sites of aortic atheromatous plaques and thrombus in the ascending
aorta, arch, and, in the descending aorta.

Contraindications

Contraindications to multiplane transesophageal echocardiography are the same as those
for monoplane and biplane transesophageal echocardiography. Contraindications may be
considered relative or absolute as in table 1.1. The risk of transesophageal
echocardiography must be considered according to the clinical circumstances, so that the
benefit of establishing the diagnosis outweighs the risk of complication.

Transesophageal echocardiographic transducers are passed in a “blind” fashion.
Transesophageal echocardiography should not be done in patients with esophageal
neoplasm, severe stricture, laceration, and perforations, or esophageal diverticulum. The
gastroenterology specialist is usually extremely helpful in determining which patients

Table 1.1 Contraindications for transesophageal
echocardiography

Relative

Recent meal

Recent Gl or abdominal surgery
Therapeutic endoscopy
Gastrointestinal hemorrhage bleed
Unevaluated dysphagia
Esophageal varicies

Large hiatal hernia

Absolute

Severe stricture

Esophageal neoplasm
Esophageal trauma/laceration
Esophageal perforation
Esophageal diverticular disease

should not undergo a transesophageal echocardiographic examination.

Transesophageal echocardiography should not be done when there is instability of the
cervical spine. This is very important to consider in trauma patients when the trauma
team is requesting a transesophageal echocardiogram to evaluate a cause for a widened
mediastinum. The authors have done many transesophageal echocardiography
examinations in patients with neck braces and Philadelphia collars without consequence.
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The procedure is technically more difficult, because the patient is usually supine even
when conscious. It is easier to pass the probe when the patient is heavily sedated if the
sedation is tolerated hemodynamically; however, it is safer to pass the transesophageal
probe when these patients are intubated.

The most important relative contraindication, in our experience, is performing a
transesophageal echocardiogram when the patient is not in the fasting state. It is
advantageous to wait for at least a minimum of 4-6 hours after eating before intubating
the esophagus, to prevent aspiration of the stomach contents. In critically ill patients this
may not be possible, and good judgment must be used to assess the risk/benefit ratio. In
selected patients with severe trauma with suspected aortic dissection, we have performed
gastric lavage via a nasogastric tube to empty gastric contents prior to transesophageal
echocardiography.

Figure 1.4 (a) Standard P-A chest X-
ray demonstrating the radiographical
appearance of a large hiatal hernia with
the abnormal displacement of the
gastric air bubble. (b) Barium swallow
demonstrating an abnormal esophagus
associated with a large hiatal hernia. A
history of dysphagia or hiatal hernia
may warrant further investigation
before attempting TEE to eliminate
complications during the procedure.

Other relative contraindications include recent gastrointestinal surgery, recent
abdominal surgery, therapeutic endoscopy, upper gastrointestinal bleeding, unevaluated
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symptoms of dysphagia, esophageal varicies, and large hiatal hernias. When considering
recent gastrointestinal surgeries, recent major abdominal surgeries must be included,
because positioning the patient with a large incision may be difficult and retching may
deleteriously affect the surgical incision. For these reasons, transesophageal
echocardiography is generally postponed for 6-8 weeks in non-life-threatening cases.
Gastrointestinal consultation must be done before deciding to perform the procedure. In a
few patients, esophageal varicies have been discovered during transesophageal
echocardiography, and we have been surprised that we have had no complications in
these cases. We have frequently done transesophageal echocardiography in our
institutions during liver transplantation and have not experienced problems, since portal
hypertension is usually relieved once the patient is anesthetized and the liver is removed.
In patients with large hiatal hernias it is helpful to observe the gastric air bubble on the
chest X-ray (figure 1.4), looking for deviation of the bubble to the right or left chest to
help determine if the patient might present a problem when entering the stomach with the
probe, thereby limiting the examination to the lower and mid esophagus in these patients.

Complications

Although transesophageal echocardiography is a safe procedure, there is always the
potential risk of minor or major complications. Our complication rate is comparable to
the experiences reported by the European Multicenter Trial®® and by the Mayo Clinic.** In
the authors’ experience, there were 226 major and minor complications (2.3%) noted
during the first 10,000 transesophageal echocardiograms done (figure 1.5). There is a
learning curve for performing transesophageal echocardiography, after which the
likelihood of complications drops, which usually occurs after the first 200 cases.
Complications are either mechanical problems in passing the probe that are directly
related to the transducer and are similar to those for all upper endoscopic procedures, or
those related to topical oral anesthesia, intravenous sedation, emotional instability related
to the patient’s anxiety level, or physiological problems related to the underlying medical
condition. Mechanical problems consist of esophageal perforation or laceration,
contusions and lacerations to the oropharynx, mouth, and tongue edema, and extrinsic
pressure to paraesophageal structures consequent on probe buckling. Esophageal
perforation occurs in 0.02% of cases during diagnostic gastrointestinal endoscopy and in
1-8% of cases during therapeutic gastrointestinal endoscopy.>*’ Since transesophageal
echocardiography is a blind procedure, the prevalence of perforation is probably between
0.05 and 0.10% because the probe is larger that those currently used by most
gastroenterologists, and sometimes a history of gastrointestinal pathology is not available.
There are only sporadic reports of esophageal perforation related to transesophageal
echocardiography, indicating that it is a rare complication. However, the transesophageal
echocardiographer should be aware that the reported mortality for endoscopy-related
esophageal perforation approaches 50%. Mortality of an esophageal perforation is highest
when diagnosis and treatment are delayed, and depends on the location of the tear (upper
versus lower esophagus). Cervical or upper perforations usually result from esophageal
intubation, especially when there is initial difficulty in passing the scope. Perforation of
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the esophagus in the cervical region is usually better tolerated and carries a lower
mortality.

226/10,000 TEE'S (2.3%)
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Figure 1.5 It is important to consider
that transesophageal imaging is an
invasive procedure and that there is a
small risk for minor or major
complications. There is a learning
curve for performing TEE, after which
the prevalence for complications
decreases. The pie chart illustrates the
complications experienced over the
past decade.

Perforation of the lower esophagus usually occurs with manipulation of the probe at a site
of esophageal disease. Perforation of the lower thoracic esophagus carries a higher
mortality due to mediastinitis and pleural infections, which usually require immediate
repair and drainage. The most frequent symptom of esophageal perforation is exquisite
chest pain. The hallmark of cervical perforation is crepitus and tenderness in the neck,
development of nasal speech, and radiographic evidence of air in the cervical prevertebral
space (figure 1.6a). Lower thoracic esophageal perforations usually present with a new
pleural effusion, pneumothorax, or pneumomediastinum on chest X-ray. Radiographic
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contrast studies are very helpful in locating the site of perforation (figure 1.6b). In the
cases of esophageal perforation known to the authors, patients developed hemodynamic
collapse during the procedure. If perforation is suspected, appropriate attention should be
given to the patient.

Figure 1.6 The most devastating
complication of transesophageal
echocardiography is esophageal
perforation. Esophageal perforation
can occur in the cervical esophagus or
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in the lower esophagus during
esophageal endoscopy. Recognition of
esophageal perforation is paramount to
patient survival. (a) Plain film P-A
chest X-ray demonstrating signs of
upper esophageal perforation.
Subcutaneous emphysema denoted by
the solid arrows and mediastinal air,
open arrows. (b) Radiographic contrast
study obtained in a patient with
suspected lower esophageal
perforation. Abnormal lower
esophageal contour with extravasation
of contrast agent (solid arrow) outside
the esophageal lumen above the
gastroesophageal junction.

Small minor lacerations of the oral mucosa, gums, and lips may be treated supportively.
Occasionally, in patients with poor and loose dentition, passage of the transesophageal
probe may dislodge a tooth, therefore care must be taken to insure that loose teeth are
recognized before the procedure and that aspiration is avoided. Mouth and tongue edema
have been reported, possibly related to prolonged examination times usually during
prolonged intraoperative monitoring.

There are various reports of damage to paraesophageal structures transmitted by
pressure exerted by manipulation of the larger probes.>*>’ One report describes
laryngospasm induced by pressure applied to the trachea causing airway obstruction.
These types of complications are more prevalent in the younger pediatric population in
whom the size of the probe is more important. Transient vocal-cord paralysis has been
reported after a prolonged neurosurgical procedure. Vocal-cord damage may also occur
after mistaken tracheal intubation with the probe.

Buckling of the probe® may occur during difficult intubations, especially when the
patient is uncooperative. When buckling of the tip of the probe occurs (ie, the tip folds up
on itself), the probe is difficult to maneuver and causes crushing pain when manipulation
of the probe is attempted. This complication has occurred in our laboratories when
smaller probes have been used in large adult patients. When buckling of the probe occurs,
the patient is given more sedation and/or analgesia, and the probe is slowly passed into
the stomach, which allows it to unfold. In our patients, following this maneuver, a full
study was completed.

There have been several reports of contact pressure damage from the probe during
prolonged examinations®® but this is transitory and no significant residual damage has
been reported. There has been no damage to the lungs reported from the effects of
continuous ultrasound during open heart procedures, nor is there any conclusive evidence
of thermal injury from the probe, as was initially suspected.
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Most complications that occur are related to the procedure itself and to the patient’s
underlying clinical condition. In our experience, hypertension and cardiac arrhythmias,
which are usually self limiting and without hemodynamic consequence, are the most
common minor complications. They are probably caused by exaggerated sympathetic
response in anticipation of and during performance of the procedure. Although patients
are kept fasting before the procedure, we permit medications with small sips of water.
Occasionally the patient voluntarily withholds medications, or is instructed to do so by
the referring physician, which may predispose them to these types of complications.

Laryngospasm can occur after application of topical oral anesthesia or by inhalation of
the anesthetic agents. In our experience this is generally short lived, lasting
approximately 15 minutes, and is relieved by securing an open airway and administration
of oxygen by nasal cannula. Lidocaine toxicity has been reported on rare occasions
during transesophageal echocardiography from topical oral anesthesia. Care should be
exercised when using these agents in critically ill patients who may have a high lidocaine
level (patients receiving lidocaine intravenously for arrhythmia control)® or in patients
with congestive heart failure or liver dysfunction that can not clear these agents. This
complication is manifested by mental confusion.

Inability to pass the probe during intubation is rare, but occurs most notably after
trainees make multiple attempts, thereby losing the patient’s cooperation. This
complication diminishes with operator experience and with adequate conscious
intravenous sedation. Some patients will refuse to continue with the examination once the
probe is passed, on account of extreme anxiety at the sensation of the probe in the
pharynx and esophagus.

We have also experienced anxiety and emotional problems in patients with a history of
drug or alcohol abuse. Two patients with a history of substance abuse not revealed during
preparation had psychotic episodes with the administration of sedation, and the procedure
had to be terminated prematurely.

Aspiration pneumonia is probably more common than currently reported, and can
occur with or without the administration of sedation. Aspiration can be anticipated in
patients who are not fasting, or who have significant retching, vomiting, and coughing, or
who are uncooperative during the procedure. Additionally, in patients that are difficult to
position properly during the procedure, difficulty may arise in protecting their airway,
making these patients more prone to aspiration. Generally this complication is
unrecognized, but occasionally treatment is required, especially in cases where the
diagnosis is delayed. Aspiration should be suspected when the study is prolonged, if the
patient has a previous history of aspiration and desaturation, or if respiratory difficulty is
recognized during monitoring. In the authors’ experience, aspiration is more common in
the subset of patients with recent cerebrovascular events, and accounts for most patients
(95%) who aspirated in our series (illustrated in figure 1.5). It is not unusual that these
patients present with new, underestimated swallowing difficulties and gastrointestinal
dysfunction due to their recent cerebrovascular event—the tendency is to probably
undersedate these patients, which may result in more difficulty when passing the
transesophageal probe. In addition, oversedation may easily occur, rendering the patient
incompetent to handle secretions during and after the procedure.

Most procedure-related complications are due to the administration of intravenous
sedation to conscious patients. Multiple agents may be used, but in hospital the selection
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of narcotics it generally dictated by the anesthesia department or by conscious sedation
policies set forth by the hospital. In our institution, we use midazolam in doses up to
10mg intravenously. At doses higher than 5 mg, the patient must be carefully observed
for signs of respiratory depression, and may require reversal with flumazenil. Despite all
the precautions taken outlined above, in occasional patients conscious sedation needs to
be reversed and may require temporary respiratory support with a mask and ambu bag or,
rarely, tracheal intubation and ventilation.

Bradycardias may occur during conscious sedation, especially with the propensity for
patients to perform uninstructed Valsalva type maneuvers during esophageal intubation.
Bradycardia usually occurs during the initial intubation and resolves promptly during the
exam. When bradycardia persists for more than 5 minutes into the examination, it
invariably responds to 0.5 mg intravenous atropine sulfate. The operator must be aware
that bradycardias may reflect respiratory difficulty or hypoxia.

Hypotension may occur during the procedure and may be attributed to multiple
factors: intravenous sedation, narcotics, analgesics, and hypovolemia accentuated in
cardiac patients by prolonged fasting prior to the procedure. Hypotension usually
responds quickly to administration of intravenous fluids.

Antibiotic prophylaxis

The routine use of antibiotics for endocarditis prophylaxis is not warranted during
transesophageal echocardiography. The risk of bacteremia during transesophageal
echocardiography is extremely low®® and there have been only sporadic reports that
implicate transesophageal echocardiography as a cause of endocarditis. It is probably not
reasonable to associate the risk for bacteremia from transesophageal echocardiography
with that of general gastroenterology endoscopy, since there is a greater chance of
developing bacteremia when the mucosal barrier of the esophagus is broken with biopsy
or therapeutic measures. Therefore, the use of antibiotics during transesophageal
echocardiography is left to the discretion of the operator.

In our institutions, routine antibiotic prophylaxis is not used. Recommendations by the
American Heart Association (AHA) for the prevention of bacterial endocarditis were
revised recently in 1997.%° Endocarditis prophylaxis is not recommended for
transesophageal echocardiography, but prophylaxis is optional for high-risk patients. The
antibiotic recommendations for high-risk patients pertaining to transesophageal
echocardiography are listed in table 1.2. The AHA high-risk category for conditions
associated with endocarditis include: prosthetic cardiac valves, including bioprosthetic
and homograft valves, previous bacterial endocarditis, complex cyanotic congenital heart
disease (single ventricle states, transposition of the great arteries, tetralogy of Fallot), and
surgically constructed systemic pulmonary shunts or conduits.
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Table 1.2 Prophylactic regimens for
dental,oral,respiratory tract,or esophageal
procedures

Situation Agent Regimen

Standard general prophylaxis Amoxicillin Adults 2.0 g; children 50 mg/kg orally 1 h
before procedure

Unable to take oral medications ~ Ampicillin Adults 2.0 g IM or IV; children 50 mg/kg IM
or IV within 30 min before procedure

Allergic to penicillin Clindamycin or Adults 600 mg; children 20 mg/kg orally 1 h
before procedure

Cephalexin+ or Adults 2.0 g; children 50 mg/kg orally 1 h
cefadroxil+ or before procedure

Azithromycin  Adults 500 mg; children 15 mg/kg orally 1 h
or before procedure
clarithromycin

Allergic to penicillin and unable to Clindamycin or Adults 600 mg; children 20 mg/kg IV within
take oral medications 30 min before procedure

Cefazolin+ Adults 1.0 g; children 25 mg/kg IM or IV
within 30 min before procedure

IM = intramuscularly; IV = intravenously.

*Total children’s dose should not exceed adult dose.

+Cephalosporins should not be used in individuals with immediate-type hypersensitivity reaction
(urticaria, angioedema, or anaphylaxis) to penicillins.

Ref: Dajani AS, Taubert KA, Wilson W, et al. Prevention of bacterial endocarditis:
recommendations by the American Heart Association. JAMA 1997;227:1794-801.

Esophageal intubation

Successful intubation of the esophagus with the transesophageal echocardiography
transducer is dependent upon the patient’s willingness to have the procedure performed.
Most patients that present for transesophageal echocardiography have misconceptions
and apprehension before the procedure. Good patient preparation and satisfaction after
the procedure requires a thorough explanation of the procedure ahead of time, including
how the results will be handled, and reassurance before and during the procedure. Due to
the general perception of echocardiography being a non-invasive procedure, we have
observed that the invasive nature of transesophageal echocardiography is commonly
overlooked by physicians in training as well as by referring physicians. Since
transesophageal echocardiograms may be done on an emergency basis the
contraindications, especially noting when the patient ate last, are frequently ignored. Due
to the relative ease and portability of transesophageal echocardiography and the potential
for obtaining a rapid diagnosis, the appropriate indications for performing the procedure
may be overlooked. Although the risk of a transesophageal echocardiogram is low,
complications can and will occur if adherence to a systematic protocol is omitted.
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Techniques of esophageal intubation

Conscious patient

In the awake patient, topical oral anesthesia is required. Before any sedation or anesthesia
is given, the procedure of transesophageal echocardiography and the likelihood of
obtaining a diagnosis are explained to the patient by the physician performing the study,
and written informed consent is obtained. In our laboratory, patients are placed on a
stretcher and sit upright initially to avoid aspiration during the administration of oral
anesthesia. All dental appliances are removed. Patients are presented with a lidocaine
popsicle, which is a 4 x 4 inch gauze pad, applied to a tongue blade which is saturated
with 5% lidocaine paste. The patient sucks on the popsicle for 5 to 10 minutes. The nurse
or sonographer applies the EKG electrodes, automated blood pressure cuff, and O,
saturation device. The patient is instructed to expect slight discomfort, which usually

Figure 1.7 Adequate pharyngeal
anesthesia is important for patient
comfort during the TEE procedure,
especially during prolonged
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examinations. The diagram illustrates
key areas (stars) for administering
topical anesthesia to provide adequate
anesthesia.

resolves after passage of the transducer. The pharynx is then anesthetized with 10%
lidocaine spray (figure 1.7). The patient is instructed to fully exhale and then hold his
breath as the tongue is maneuvered to adequately anesthetize the whole pharynx.

Patients are instructed that they experience a choking sensation, dryness of the throat, and
numbness of the mouth. Adequate pharyngeal anesthesia cannot be overemphasized since
it is usually the deciding factor in patient comfort that determines the success in passing
the transducer. Drying agents are generally not necessary and do not prevent drooling in
our experience, but are left to the discretion of the individual physician performing the
procedure. Nasal oxygen is used in all patients that receive intravenous conscious
sedation, and the patient is instructed to breath through their nose during the procedure.
The patient is also instructed to pant to overcome the sensation of gagging during the
procedure, and this is rehearsed before transducer insertion. We have found that in many
patients good oral anesthesia is all that the patient requires, but if apprehension or anxiety
persist at this point intravenous sedation may be administered if necessary. Patients are
also given the option of intravenous sedation during the procedure. We have observed
that mild sedation generally stabilizes labile hypertension and reduces the incidence of
cardiac arrhythmias.

Figure 1.8 Diagram illustrating proper
patient positioning in a TEE
examination in a conscious patient. To
aid in esophageal intubation it is
important to maintain proper
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anatomical alignment of the head to
ensure a straight path for probe
insertion. The two major reasons for
difficult esophageal intubation is
improper head and neck alignment and
an uncomfortable patient.

The patient reclines on the stretcher with the head of the bed placed upright at 10 to
15° in the left lateral position (figure 1.8). The right leg is bent and locked behind the left
knee. The left arm is folded and rested behind the patient’s head. The blood pressure cuff
and an intravenous line are placed in the right arm to allow easy access during the
procedure. Intravenous lines are routinely placed in all patients who may require
intravenous sedation, rhythm control, or who need a contrast echo study. The patient’s
head is propped up in anatomical alignment so that the neck is not laterally flexed,
twisted, or extended (figure 1.8). The neck is flexed so that the chin touches the chest,
which opens the pharynx and prevents the transducer from entering the airway. The two
major reasons for difficulties in transducer intubation are: first not ensuring the proper
alignment of the head and neck; and second, not ensuring the patient’s comfort. The
overhead lights are dimmed, and the transducer is not shown to the patient unless
requested, to avoid any anxiety about the size of the transducer. The transesophageal
echocardiographic transducer is not connected to the machine before intubation to allow
easier manipulation and less resistance during intubation. This is especially important
with mechanical transducers that vibrate, which can cause excessive gagging during
transducer insertion. When the transducer is placed on the back of the tongue the patient
is instructed to swallow. Careful attention to the transducer is necessary at all times
during the procedure, and slight traction is constantly applied to the transducer to prevent
buckling in the oral cavity that promotes gagging. In patients with excessive secretions,
tonsillar suction should be immediately available, and the patient is instructed that
drooling may occur during the procedure.

All instrument controls should be in the free (unlocked) neutral position (figure 1.9).
Bite blocks are used unless the patient is edentulous, to prevent damage to the
transducer’s protective covering if the patient inadvertently bites down during intubation.
There are two methods to use the bite block during intubation. Many operators prefer to
position the bite block in the mouth, in the midline prior to intubation, and the transducer
is introduced in this fashion. This technique has the advantage that it is easier for some
patients to swallow as they bite on the guard, but the operator has less control of the tip of
the transducer unless the index finger is used to guide the probe. Alternatively, the bite
block may be mounted on the probe and passed up to the control handle. Care must be
observed not to mount the bite block backwards, which is done occasionally by trainees.

The tip of the transducer is lightly coated with 2% lidocaine jelly for lubrication. The
operator faces the patient’s mouth as the nurse or sonographer assistant supports the back
of the patient’s head. The transducer is slightly anteflexed and placed into the mouth in
the midline. The face of the transducer should be resting square on the tongue so that
when it is advanced it is facing anterior with respect to the patient. The probe is gently
passed over the tongue into the pharynx (figure 1.10). In small patients, full flexion of the
transducer may be too large for the oropharynx and soft palate, so the tip of the probe
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Figure 1.9 Photographs of currently

available TEE probe handles,

demonstrating the placement of knobs

for probe tip flexion and transducer

rotation.
must be manually anteflexed and guided with the index finger into the pharynx. The
probe is advanced approximately 10-15 cm into the midline of the pharynx and held

there for a few seconds, so that the patient gets used to the feel of the probe in the mouth.
Slight traction is placed on the probe to pull it forward against the tongue, preventing the
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probe from buckling in the back of the oropharynx and stimulating the gag reflex. The
patient is instructed to take a deep breath, which reinforces the patient’s confidence. The
probe is then advanced in the midline to the esophageal orifice and the patient is
instructed to swallow, which helps open the upper esophageal sphincter. When the
sphincter relaxes, it produces a popping sensation as the operator advances the probe with
slow steady pressure to approximately 45-55 cm. The tip of the transducer should then be
in the stomach. If the probe is not in the midline, or if the patient manipulates the probe

Figure 1.10 Anatomic drawing displaying the course of the TEE probe
from the oral pharynx to the esophagus. The esophagus is posterior to the
trachea and esophageal intubation may be performed with more ease with
mild forward flexion of the neck (ie chin to chest position). The first
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obstacle encountered in passing the TEE probe in some patients is getting
the transducer head past the soft palate. Different TEE probes may be
easier to pass in these regards.

with their tongue, the tip of the transducer usually enters one of the piriform fossae,
which lie lateral to the upper esophageal sphincter. If the operator can not pass the probe
beyond 15-20 cm before resistance is encountered, and the patient complains of pressure
or pain in the neck region, the probe should be withdrawn immediately and redirected
toward the midline. Failure to do so can result in rupture of the upper esophagus, which is
the most common site of endoscopic perforation. Occasionally, smaller transducers can
pass into the trachea, when resistance is encountered and the patient develops intractable
coughing. The transducer must immediately be withdrawn, with a slow steady traction to
avoid injury to the vocal cords. The patient should be allowed to stop coughing and relax
before further attempts are made to pass the transducer. Vital signs should be checked for
hypoxia and bradycardia. The operator or assistant should auscultate the lung fields and
upper airway for laryngospasm, and the patient should be instructed to talk. If an
abnormality is found or suspected the procedure should be abandoned and appropriate
action taken.

When the transducer can not be easily passed in patients with thick, short necks or
with excessive gag reflexes, the scope may be passed successfully in the sitting position
with the head flexed forward to keep the airway patent. It is helpful to have the back of
the patient’s head supported by the assistant to avoid the patient pulling away and
extending the neck and sustaining injury. Some operators allow the patient to hold on to
the probe as it is being passed. This technique should be avoided as it reduces the
operator’s control, and may result in injury if the patient pulls the probe out rapidly.
During esophageal intubation, intravenous sedation can be given at any time as required
to aid in patient compliance when the transducer is being passed. The re-administration of
oral and topical anesthesia should not be repeated with the patient lying down or
following sedation, since this increases the likelihood of aspiration.

Once the transducer is in the stomach, the bite guard should be secured in the mouth
firmly between the teeth. The operator should apply steady traction of the probe in order
to avoid excessive manipulation.

Sporadically, resistance is met between 35 and 45 cm in patients with hiatal hernias. If
the patient is repositioned toward the prone position, the transducer tip may find the
lower esophageal sphincter and be advanced into the stomach. Care must be taken never
to advance the probe forcefully because excessive manipulation may cause retching and
vomiting of gastrointestinal secretions, or rupture of the distal esophagus.

Unconscious patient

In the unconscious or anesthetized patient a different approach is required, since the
patient is usually in the supine or semi-supine position and intubated. These patients are
usually the easiest to perform esophageal echocardiograms upon, but the operator must
pay careful attention to the endotracheal tube to avoid extubating the patient. The object
of esophageal intubation is to adequately open the oropharynx to allow passage of the
probe. If a nasogastric tube is in place, it may be necessary to remove it in order to pass
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the transducer after initially aspirating the gastric contents. The operator should be
positioned at the head of the table. The mouth should be inspected for previous injury and
loose teeth. The transducer should be held with the left hand, with all

Figure 1.11 TEE esophageal
intubation may be most difficult in the
unconscious patient, especially when
there are multiple tubes present in the
pharynx. This drawing demonstrates
the proper technique for TEE probes
insertion in the unconscious,
endotracheal intubated patient in the
supine position. (a) The endotracheal
tube is supported with the thumb and
gentle traction is applied to the
mandible, pulling up and cephalad.
This maneuver opens the posterior
pharynx allowing entry to the upper
esophagus. (b) Frontal view
demonstrating the same maneuver.

of the controls free and unlocked (figure 1.11a,b). The handle can dangle free towards the
floor, or the probe can be draped over the operator’s left shoulder. If the sonographer
assistant supports the probe, care must be taken to follow the motion of the operator, so
as not to twist the transducer or inadvertently move or lock the controls. The right hand is
used to support the endotracheal tube and open the oropharynx. The operator should open
the thumb and forefinger to form a letter “C”. The thumb is inserted along the
endotracheal tube with the tongue sandwiched between the tube and the floor of the
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mouth. The index and second fingers are wrapped around the mandible, with the tips of
the fingers in the submandibular fossa. With this position, the jaw can be moved upwards
and outwards with slightly cephalic traction, to open the oropharynx. The transducer is
then easily passed with the left hand without resistance in the midline. If resistance is felt
or if the scope can not be passed further than 15 to 20 cm, the esophagus is probably
compressed by the inflated endotracheal cuff (balloon). In this case a few cubic
centimeters of air can be removed from the endotracheal cuff until the probe is passed
and then the cuff should be reinflated. Extreme caution should be exercised with this
maneuver since it will be easy to inadvertently remove the endotracheal tube and
extubate the patient. In rare cases, a laryngoscope may be necessary to help support the
endotracheal tube and directly visualize the esophagus in order to pass the probe, to avoid
esophageal perforation. In our experience, all cases of upper esophageal perforations
from transesophageal echocardiography have occurred in unconscious patients. The
transducer is then passed into the stomach.

Throughout the procedure, continuous monitoring of blood pressure, heart rate,
oxygen saturation, and electrocardiography is mandatory in both conscious and
unconscious patients, and permanent records of all three should be obtained in each
patient. Following completion of transesophageal echocardiography the patient’s
oropharynx will remain partially numb and the protective gag reflex will not completely
return for 4 hours, and therefore patients should not eat or drink for 4 hours after the
procedure. Furthermore, when conscious sedation is used, blood pressure O, saturation
and ECG should be monitored for 1 hour after the procedure, and the patient should not
be permitted to drink for 4—6 hours.

Multiplane transesophageal echocardiography examination

The main advantage of multiplane imaging is that the transducer may be electronically or
mechanically steered from 0° to 180° (figure 1.12). One transducer allows imaging with
more elements for visualization, and permits multiple frequencies in the same size or
smaller transducer shafts than previously available (figure 1.13). This allows multiple
planes between 0° and 90°, with less rotation and/or lateral and medial flexion than
would be necessary with a biplane probe. Thus, patients tolerate a multiplane
examination much better than a biplane examination, even though multiplane transducers
are generally larger.

The multiplane transducer is oriented perpendicular to the shaft of the probe in a
horizontal or transverse plane. The sector or ultrasound beam at this point is at 0°. When
the transducer array is rotated to 90° with the switch on the control handle, the ultrasound
beam orientation and sector is parallel to the shaft of the probe and gives a longitudinal or
sagittal plane of the heart. All of the available echocardiographic instruments have a
specific icon on the display, which orients the operator to the degree of rotation of the
transducer position

The operator must be extremely familiar with the viewing screen of the particular
echocardiographic instrument used, in order to recognize readily the proper image
orientation. The operator should also be familiar with the recommendations of the
American Society of Echocardiography” on conventional image orientation. In our
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laboratory, in the long axis planes, the right heart is on the left and the left heart is on the
viewer’s right, with the transducer artifact and the base of the heart at the top of the
viewing screen, and the apex of the heart at the bottom of the screen. In the short axis
planes, the cardiac apex will be oriented to the viewer’s right and the cardiac apex will be
oriented to the viewer’s left. When visualizing the cardiac anatomy, the depth of field is
set to 16 cm and the field is set to 6 cm for viewing the aorta. Consistent use of the same
sector orientation and depth of field allows rapid recognition of cardiac anatomy and
abnormalities of cardiac dimension, once expertise is gained in transesophageal
echocardiography.

When the transducer is passed to approximately 50-55 ¢cm from the incisor teeth, the
probe is in the stomach and imaging may begin. Starting the examination in the stomach
gives the operator the knowledge and assurance that there is no gross esophageal or
gastric pathology, if the probe passes without significant complication. An entire
examination can be performed with one or two passes of the probe. The transducer can be
withdrawn to each level (figure 1.14a,b) and the entire heart and aorta interrogated with
one pass, by rotating the probe by 360°. Alternatively, the probe can be withdrawn to
each level and the heart visualized, and then the probe can be passed again into the
stomach and rotated by 180° to visualize the whole aorta by withdrawing a second time.
Although this second method uses two passes of the probe there is actually less
manipulation of the probe, which is especially important in the conscious patient.

0 180°

45° 135
90’

Figure 1.12 Diagram of the transducer
tip of a multiplane TEE probe
illustrating the rotating transducer
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array. Most multiplane probes can be
rotated through a 180° arc.

Figure 1.13 Photograph of a currently
available multiplane TEE probe.

Some operators begin the examination as soon as the probe reaches 25-30 cm from
the incisor teeth, imaging the base of the heart instead of the transgastric approach, which
first images the cardiac apex. There are three potential disadvantages to this approach.
First, the operator advances the transducer as he/she is imaging, and esophageal problems
may not be readily recognized because attention is directed towards imaging. Secondly,
imaging at 20-25 cm to evaluate the base of the heart and great vessels is probably the
most uncomfortable part of the procedure for the conscious patient, especially if
significant anteflexion is required. Occasionally a patient will not tolerate further
examination at this point, which precludes a full study. Thirdly, the authors have
observed that the less experienced operator occasionally fixates on the pathology initially
discovered, and runs the risk of not obtaining a full study if the patient becomes
uncooperative, since the probe has to be inserted further instead of withdrawn. No matter
which method is used, the aim of every transesophageal echocardiography examination is
to obtain a full study including all scan planes with as little probe manipulation as
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Figure 1.14 Multiplane TEE provides
a large number of planes, which are
obtained from various esophageal
windows. (a) Typical esophageal probe
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positions for obtaining standard
echocardiographic views with
multiplane TEE. (b) Corresponding
anatomic preparations illustrating the
anatomy visualized from different
esophageal windows and transducer
array angles that may be obtained with
multiplane TEE. a, apex; m, mid
ventricular; b, base; L, left; R, right.

possible, and to maintain optimal patient comfort and safety. Performing the
transesophageal echocardiography examination the same way in a regimented fashion
limits the duration of the overall procedure and minimizes complications. In our
experience, transesophageal echocardiogram should take about 15 to 20 minutes for
diagnostic studies, and really should never take longer than 30 minutes in the conscious
patient.

Visualization of the heart

The transducer should initially face anterior to the patient, maximally anteflexed, and the
probe should be withdrawn slightly to catch the probe at the gastroesophageal junction so
that the heart is visualized in the horizontal short axis plane. In hearts vertically oriented
in the chest, true short axis planes are obtained easily at 0°. In patients with more
horizontally oriented hearts, the transducer may need to be steered between 0° and 20° to
obtain a true horizontal scan. The operator should note the best transducer angle at this
point, and if it deviates from 0°, use the difference as a correction factor during the rest of
the examination for the appropriate orientation of the heart in the standard views.

Deep transgastric view

The probe is advanced slightly with a little more anteflexion to obtain the deep gastric
view (figure 1.15). This is an ideal view for evaluating the mitral subvalvular apparatus,
because the left ventricle is foreshortened and displays the papillary muscles and chordae
tendineae in the middle of the viewing sector. In patients with prosthetic mitral or aortic
valves, shadowing from the prosthesis occurs in the opposite direction from the upper
esophageal views. In this plane, the ventricular outflow tract is parallel to the ultrasound
beam in the middle of the sector, and permits good Doppler interrogation of the outflow
tract and proximal aorta without the need for any angle correction. With transducers that
image at lower frequencies, occasionally the whole ascending aorta and aortic arch, with
the proximal takeoff of the great vessels and the superior vena cava, may be visualized at
depths of field of 20-24 cm. With slight clockwise rotation, the right ventricular outflow
tract can be visualized.
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Transgastric views

The scope is withdrawn to approximately 45-50 cm from the incisors, and serial
“breadloaf” horizontal short axis planes of the left ventricle may be obtained from the
apex to the base of the left heart (figure 1.16). Slight clockwise rotation of the ultrasound
beam enables interrogation of the right ventricle (figure 1.17). At least three planes are
interrogated: distal, apex, mid ventricular cavity, and base at or below the level of the
atrioventricular valves. After obtaining the standard horizontal scans, the transducer is
steered from at least 45° from center to 90° (figures 1.18 and 1.19). At 45° the left
ventricle is obliquely cut and at 90° the left ventricle is cut longitudinally from the apex
to the mitral valve level (figure 1.18). This is probably the optimal view to visualize the
true left ventricular apex without foreshortening. Further steering of the transducer to
100° post center with slight counter clockwise rotation enables visualization of the left
ventricular outflow tract. With clockwise rotation past neutral, the right ventricular
inflow and outflow tract can be visualized in the same plane. In all these longitudinal
views, slight lateral or medial flexion may be required to obtain the highest image
quality. After completing these views, the transducer is steered back to center and the
scope is withdrawn to the gastroesophageal junction with less anteflexion.

Lower esophageal views

When the probe is being withdrawn from the stomach and the lower esophagus it should
be rotated slightly to visualize the right ventricular inflow and the coronary sinus (figures
1.20-1.23). We prefer this view for performing color flow Doppler of the right
ventricular inflow tract. Further withdrawal of the probe to 35-40 cm, with mild
retroflexion that maintains contact with the esophageal wall, yields a four chamber view
of the heart with the apex of the left ventricle foreshortened. The transducer should be
rotated slightly counterclockwise to direct the ultrasound beam to the left heart. The
transducer is steered from 0° to 135° to visualize incrementally all the walls of the left
ventricle. The left ventricular outflow tract is usually initially visualized at 0° but is best
interrogated at about 120°. Typically, a color flow examination can be done of the left
ventricular outflow and inflow tracts as the transducer is steered back to zero, by rotation
of the probe clockwise from the neutral position. The right heart can be interrogated in a
similar fashion. Returning the probe to neutral and withdrawing the probe with slightly
more retroflexion directs the ultrasound beam towards the atria and inter-atrial septum.
With counterclockwise rotation, the left atrial appendage is well seen and the transducer
may be steered to about 90° to obtain full horizontal and longitudinal planes of the left
atrial appendage and pulmonary veins.
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Deap
Transgastric
View

Figure 1.15 Deep transgastric view.
Anatomic specimens and
corresponding multiplane
echocardiographic images obtained
from the deep transgastric window. A,
apex; B, base; R, right; L, left; LV, left
ventricle; RV, right ventricle; Ao,
aorta; PA, pulmonary artery; arrow
indicates anterior mitral leaflet.



Normal transesophageal echocardiographic examination 31

Transgastric
View
Left Heart

Figure 1.16 Transgastric view of left
heart obtained at 0°. Anatomical
specimens and corresponding
multiplane echocardiographic
horizontal images obtained from this
window. P, posterior; A, anterior; L,
left; R, right; b, base; m, mid; a, apical;
LV, left ventricle; PPM, posterior
papillary muscle; APM, anterior
papillary muscle; RV, right ventricle;
arrows mitral valve leaflets.
Transgastric
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Transgastric
View
Left Hean

Figure 1.17 Transgastric view of the
left heart obtained at 90°. Anatomical
specimens and corresponding
multiplane echocardiographic
longitudinal images obtained from this
window. P, posterior; A, anterior; S,
superior; 1, inferior; LV, left ventricle;
LA, left atrium; Ao, aorta.
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Transgastric
View
Right Heart

Figure 1.18 Transgastric view of the
right heart obtained at 0°. Anatomical
specimens and corresponding
multiplane echocardiographic
horizontal images obtained from this
window. P, posterior; A, anterior; L,
left; R, right; b, base; a, apical; LV, left
ventricle; RV, right ventricle.
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Transgastric
View
Right Heart

Figure 1.19 Transgastric view of the
right heart obtained at 90°. Anatomical
specimens and corresponding
multiplane echocardiographic
longitudinal images obtained from this
window. R, right; L, left; S, superior; I,
inferior; RV, right ventricle; LV, left
ventricle; RA, right atrium.
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Figure 1.20 Lower esophageal view
obtained at 0° and 45°. Anatomical
specimens and corresponding
multiplane echocardiographic images
obtained from this window. R, right; L,
left; S, superior; I, inferior; RV, right
ventricle; LV, left ventricle; LA, left
atrium.
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Figure 1.21 Lower esophageal view
obtained at 90° and 135°. Anatomical
specimens and corresponding
multiplane echocardiographic images
obtained from window. A, anterior; P
posterior; S, superior; I, inferior; LV,
left ventricle; LA, left atrium; Ao,
aorta.
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Figure 1.22 Mid esophageal view
obtained at 0° and 30°. Anatomical
specimens and corresponding
multiplane echocardiographic images
obtained from this window. R, right; L,
left; S, superior; I, inferior; RA, right
atrium; LV, left ventricle; LA, left
atrium; IVC, inferior vena cava; Ao,
aorta.
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Mid \
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Figure 1.23 Mid esophageal view
obtained at 90° and 115°. Anatomical
specimens and corresponding
multiplane echocardiographic images
obtained from window. R, right; L,
left; S, superior; |, inferior; RA, right
atrium; LA, left atrium; SVC, superior
vena cava; Ao, aorta.
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Upper esophageal views

The probe is withdrawn to about 25 cm in the neutral position without flexion in order to
interrogate the base of the heart with the aortic valve in the center of the image (figures
1.24-1.27). The aortic valve is imaged en face at approximately 15° from center. Steering
the transducer to 100° gives images of the ascending aorta in long axis. With clockwise
rotation, the right atrium is visualized, with the atrial septum and superior vena cava and
inferior vena cava cut in longitudinal section. Returning the probe to neutral and
anteflexing the transducer tip, the main and right pulmonary arteries are imaged
longitudinally with short axis views of the aorta and superior vena cava.

Thoracic aortic views

With the controls in the unlocked position, the scope is again advanced to the stomach
with the transducer face rotated a full 180° to visualize the thoracic aorta (figure 1.28).
The scope is withdrawn slowly, with images obtained at 0° short axis planes and 90° long
axis cuts. While withdrawing, the probe must be rotated in a clockwise fashion because
the aorta is posterior and medial to the esophagus at the level of the diaphragm and twists
around the esophagus to assume an anterior and lateral position at the level of the aortic
arch. Further clockwise rotation at the aortic arch enables the distal portion of the
ascending aorta to be visualized. This is sometimes referred to as the blindspot area of the
aorta, since it is the area where the right bronchus courses between the esophagus and the
aorta, limiting the field of view especially with monoplane and biplane transducers. This
blindspot of the aorta is virtually eliminated by multiplane technology with experienced
operators.

Normal Doppler examination

Color Doppler can be recorded in all the standard views. Care must be exercised in
performing conventional continuous and pulsed wave Doppler, since it is difficult to
obtain parallel imaging planes of specific flows. This issue is addressed individually in
subsequent chapters.

Post transesophageal echocardiographic care

Following the removal of the transducer, patients are encouraged to cough and
expectorate excessive secretions. When only oral and topical anesthesia are used, the
patient may be sat up and given a basin to expectorate excessive secretions. In patients
receiving intravenous sedation, the mouth and pharynx are suctioned. Nasal oxygen is left
in place and the patient is monitored for 30 minutes after oral and topical anesthesia and
for 2 hours after intravenous sedation. The anesthetic effect of topical anesthesia usually
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Mid-Upper
Esophageal
View

Figure 1.24 Mid to upper esophageal
view obtained at 0°, 30° and 60°.
Anatomical specimens and
corresponding multiplane
echocardiographic images obtained
from this window. R, right; L, left; S,
superior; 1, inferior; RA, right atrium;
LA, left atrium; LAA, left atrial
appendage; RVOT, right ventricular
outflow tract; AV, aortic valve.
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lasts about 30 minutes to 2 hours, and the patient is kept fasting during this time. In our
experience, patients tolerate solids better than liquids initially, with less gagging. If
patients inadvertently have not taken their medications before transesophageal
echocardiography, these are taken under observation 30 minutes after transesophageal
echocardiography. When intravenous sedation is used, patients are watched carefully,
regardless of the dosage of medication received. We have experienced respiratory
depression due to the intravenous sedation for up to 1 hour after the procedure. Vital
signs, including oxygen saturation, are checked and recorded every 15 minutes for 2
hours, then every 30 minutes until stable. Outpatients who receive intravenous sedation
are instructed that they must be accompanied from the laboratory with another adult
before being discharged. The patient is specifically instructed not to drive, operate heavy
machinery, or make important decisions for 12 hours after the procedure. The patients are
strongly encouraged not to work for the rest of the day.

Mid-Upper
Esophageal
View

Figure 1.25 Mid to upper esophageal
view obtained at 90° and 125°.
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Anatomical specimens and
corresponding multiplane
echocardiographic images obtained
from this window. L, left; P, posterior;
R, right; A, anterior; S, superior; I,
inferior; LA, left atrium; AV, aortic
valve; RVOT, right ventricular outflow
tract; PA, pulmonary artery; LVOT,
left ventricular outflow tract; Ao, aorta.

Upper
Esophageal
View

Figure 1.26 Upper esophageal view
obtained at 0°, 90° and 135°.
Anatomical specimens and
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corresponding multiplane
echocardiographic images obtained
from this window. R, right; L, left; S,
superior; 1, inferior; RPA, right
pulmonary artery; PA, pulmonary
artery; SVC, superior vena cava; Ao,
aorta; LA, left atrium; LV, left
ventricle; RVOT, right ventricular
outflow tract.

Upper
Esophagus
Pulmonary vein
View

Figure 1.27 Upper esophageal view of
the pulmonary veins. Anatomical
specimens and corresponding
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multiplane echocardiographic images
obtained from this window. LPV, left
pulmonary vein; RPV, right pulmonary
vein; LA, left atrium, arrows indicate
the orifice of the pulmonary veins.
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Figure 1.28 Descending thoracic aorta
view obtained at 0° and 90°.
Anatomical specimens and
corresponding multiplane horizontal
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and longitudinal echocardiographic
images obtained from this window.

Figure 1.29

Transesophageal Echocardiography Consent
Form. Typicalpatient form designed for our
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laboratory utilized to obtainnformed consent
prior to performing TEE.

The written informed consent form (figure 1.29) is attached to the vital sign record sheet
that is completed for each patient (figure 1.30). Outpatients are discharged with written
instructions (figure 1.31) to notify the laboratory directly if any problems are encountered
or if questions arise after the transesophageal echocardiogram.

Transesophageal echocardiography scope care

Following the procedure the transesophageal echocardiography transducer also requires
special attention. The probe should be carefully inspected for damage (bite marks, breaks
in the integrity of the protective insulating cover, normal probe tip movement).
Periodically the transducer should be checked for electrical leakage, to ensure electrical
safety according to manufacturer’s recommendations. In our laboratories, the probe is
initially scrubbed with a soft brush and a non-harsh disinfectant soap (without iodine) to
remove any mucous material especially near the bends of the probe, before placing in a
2% glutaraldehyde (cidex) solution for 12—-15 minutes. Disinfectant solution and cleaning
tubes are commercially available. These tubes allow the probe to hang straight. The
probes are then removed from the disinfectant solution, rinsed off with soap and allowed
to air dry for another 20 minutes.

Recommendations for transesophageal echocardiography training

Transesophageal echocardiography trainees must have full knowledge and understanding
of cardiac anatomy and echocardiography. Transesophageal echocardiography should be
done only by specially trained physicians. Transesophageal echocardiography requires
the physician operator to be expert in the field of echocardiography and Doppler, cardiac
pathophysiology, and cardiac anatomy, to be able to masterfully manipulate the
transducer to obtain all necessary views, and to be sufficiently adept to interpret all of the
above in the context of cardiovascular disease. In the authors’ experience, erroneous
interpretations of transesophageal echocardiograms revolve around artifacts of ultrasound
and unconventional scan orientations that are not readily recognizable. It is extremely
helpful to comprehend the specifics of both medical and surgical treatment options, to
provide the necessary information needed for optimal patient management.

Transesophageal echocardiography training is usually provided as an additional fourth
year of cardiac fellowship training. Our laboratories closely adhere to the
recommendations set forth by the American Society of Echocardiography outlined in
tables 1.3 and 1.4.™

In our institutions, trainees are required to concentrate on the technical and mechanical
aspects of esophageal intubation, including pre and post procedure patient care,
recognition and management of complications, and full understanding of the
contraindications of the procedure.
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Figure 1.30 vital sign Record utilized
during the performance of TEE
procedures in our laboratory.

Trainees in the echocardiography laboratory start with understanding the indications
and contraindications for performing transesophageal echocardiograms, followed by
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understanding the clinical utility of the information. Trainees are instructed to do a full
study and to concentrate on specific issues pertaining to the diagnosis obtained. Each
cardiac fellow must have obtained at least Level 1l training as specified by the American
Society of Echocardiography guidelines, and generally performs 250 transesophageal
echocardiography studies during their fourth-year fellowship training period.

Figure 1.31 Patients that have TEE
procedures in our laboratory are given
writen instructions following the
administration of conscious sedation
medications before being discharged
from the echocardiography laboratory.
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Table 1.3 Recommended training components for
developing and maintaining skills in
transesophageal echocardiography (TEE)

Component Objective Duration No. of cases
(approx.)

General echocardiography, Background needed for 6 months or 300
Level Il performance and interpretation equivalent

Esophageal intubation TEE probe introduction Variable 25
TEE examination Skills in TEE performance and Variable 50

interpretation
Ongoing education Maintenance of competence Annual 50to 75

Ref: Pearlman AS, Gardin JM, Martin RP, et al. Guidelines for physician training in
transesophageal echocardiography: recommendations of the American Society of
Echocardiography Committee for Physician Training in Echocardiography. J Am Soc Echocardiogr
1992;5:187-94.

Our laboratories provide transesophageal echocardiography training for cardiologists
and anesthesiologists after routine fellowship training. The requirements are a little less
stringent, but 100 cases must be done in total before independent status is granted.
Formal training in transesophageal echocardiography requires first-hand experience,
which can not be obtained by watching videotapes or attending postgraduate courses,
although these unquestionably supplement training and are required to maintain a state-
of-the-art approach to transesophageal echocardiography in this rapidly changing field.
The practicing transesophageal echocardiography physician should continue to do a
minimum of 50-75 cases per year to maintain their competence in the procedure. Quality
assurance should also be undertaken periodically in institutions where transesophageal
echocardiography is done, to maintain competence, high quality, and optimal patient
safety. This should include comparing transesophageal echocardiography results with
cardiac catheterization, other radiographic techniques, and surgical and autopsy data
whenever available.

Table 1.4 Skills needed to perform transesophageal
echocardiography (TEE)

Cogpnitive skills Technical skills
Knowledge of appropriate indications, Proficiency in performing a complete standard
contraindications, and risks of TEE echocardiographic examination, using all

echocardiographic methods relevant to the case

Understanding of differential diagnostic
considerations in each clinical case

Knowledge of physical principles of Proficiency in safely passing the TEE transducer in to
echocardiography image formation and the esophagus and stomach and in adjusting probe
blood flow velocity measurement position to obtain the necessary tomographic images

and doppler data
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Familiarity with the operation of the
ultrasonographic instrument, including the
function of all controls affecting the quality
of the data displayed

Knowledge of normal cardiovascular Proficiency in correctly operating the ultrasonographic
anatomy, as visualized tomographically instrument, including all controls affecting the quality
of the data displayed

Knowledge of alterations in cardiovascular
anatomy resulting from acquired and
congenital heart diseases

Knowledge of normal cardiovascular Proficiency in recognizing abnormalities of cardiac

hemodynamics and fluid dynamics structure and function as detected from the
transesophageal and transgastric windows, in
distinguishing normal from abnormal finding, and in
recognizing artifacts

Knowledge of alterations in cardiovascular
hemodynamics and blood flow resulting
from acquired and congenital heart diseases

Understanding of component techniques for Proficiency in performing qualitative and quantitative
general echocardiography and TEE, analysis of the echocardiographic data

including when to use these methods to

investigate specific clinical questions

Ability to distinguish adequate from
inadequate echocardiographic data and to
distinguish an adequate from an inadequate
TEE examination

Knowledge of other cardiovascular Proficiency in producing a cogent written report of the
diagnostic methods for correlation with echocardiographic findings and their clinical
TEE findings implications

Ability to communicate examination results
to patient, other health care professionals,
and medical record

Ref: Pearlman AS, Gardin JM, Martin RP, et al. Guidelines for physician training in
transesophageal echocardiography: recommendations of the American

Society of Echocardiography Committee for Physician Training in Echocardiography. J Am Soc
Echocardiogr1992;5:187-94.
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Mitral valvular disease

Over the years, echocardiography has played an enormous part in the understanding of
mitral valvular disease. In the early days of M-mode echocardiography, the mitral valve
was frequently the only discernible cardiac structure identified," thus the diagnosis of
mitral stenosis could be made reliably by non-invasive means. With the development of
two-dimensional echocardiography, a spatial evaluation of the mitral valve was possible,
and the importance of the mitral subvalvular apparatus in conjunction with the valve
leaflets and their motion was recognized for the first time, eliminating many of the
misconceptions about the mitral valve.>” The notorious mitral valve prolapse syndrome
was recognized and perpetuated by echocardiography. Doppler echocardiography
together with two-dimensional imaging has provided the physiological assessment of
mitral valvular disease for quantifying the degree of stenosis and regurgitation. With the
advent of reparative surgical techniques in the intervention of mitral valvular disease,’
transesophageal echocardiography provides the complimentary image method necessary
for the precise assessment of mitral valvular structural abnormalities to direct appropriate
treatment.

In the past, the decision to intervene in mitral valvular disease was based on the
development of severe physiology (stenosis or regurgitation), followed by replacing the
valve with a prosthesis. Unfortunately, this frequently resulted in an imperfect functional
result (substituting one disease process for another) with rather disconcerting morbidity
and mortality.® In the mid-1990s, largely due to improved imaging techniques, a better
appreciation of mitral valvular disease has evolved. With the ability to precisely define
specific structural abnormalities for the valve leaflets and subvalvular apparatus,
reparative surgical techniques were developed that overcame the short-comings
associated with prosthetic valves. Due to the successful results obtained with these
reparative techniques in valvular function, and in improved morbidity and mortality,
interventions in the disease process are being contemplated before the valve disease
becomes severe in an effort to improve further the longevity of patients with mitral
disease. '

It is paramount that the physician performing transesophageal echocardiography has a
complete and thorough understanding of normal mitral valvular anatomy to recognize
abnormalities. Next in importance, the physician must be able to assess the motion of the
valve leaflets in concordance with the subvalvular apparatus to describe anatomical
abnormalities produced by the disease process.***° The physician must be well versed in
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the principles and practice of Doppler methodology to implement them properly and
identify abnormalities in physiology. The echocardiographer must have the technical
ability to obtain all the views necessary to evaluate the whole structure and function of
the mitral valve, which are uniquely acquired with multiplane transesophageal
echocardiography in order to provide a complete assessment.

Normal mitral valve anatomy

Leaflets

The normal mitral valve sits in the fibrous skeleton of the heart separating the left atrium
from the left ventricle (figure 2.1). The normal valve has two leaflets that act in
conjunction with the subvalvular apparatus as one functional unit.*”~* The mitral leaflets
are attached at their bases to the fibro-muscular ring or annulus fibrosis, and by their free
edges to the subvalvular apparatus consisting of chordae tendineae and papillary muscles.

Figure 2.1 Normal mitral valve
anatomy. (a) Anatomical section at the
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base of the heart illustrating the
position of the four cardiac valves. The
mitral valve (MV) is seated posterior
to the semilunar valves and is lateral
and to the left of the tricuspid valve
(TV). The anterior leaflet of the mitral
valve is contiguous and opposite the
left and non-coronary cusps of the
aortic valve. The posterior medial
commissure of the mitral valve lies
opposite the septal leaflet of the
tricuspid valve. The posterior position
of the mitral valve allows optimal
examination by multiplane
transesophageal echocardiography. (b)
Corresponding drawing of the fibrous
skeleton of the heart. The anterior
mitral leaflet is firmly attached to the
aortic annulus by dense fibrous
connective tissue forming the mitral
curtain or mitral-aortic fibrous
continuity. Two fibrous trigones
situated near each commissure
represent fixation points for the fibrous
skeleton providing stability for cardiac
contraction and the valve annulus. The
right fibrous trigone (RFT) is centrally
located between the aortic valve (AV),
mitral and tricuspid valves. The left
fibrous trigone (LFT) extends
superiorly and blends into the aortic
root. Both trigones project connective
tissue fibers laterally and posteriorly to
encircle the mitral annulus. In the most
posterior portion of the annulus the
fibers progressively diminish leaving
the central posterior annulus devoid of
dense collagen fibers and only
composed of loose connective tissue.
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This composition of the mitral annulus
allows for annular dilatation to occur
largely in the posterior aspect of the
valve. The left coronary artery (LCA)
courses superiorly and laterally around
the mitral annulus and the circumflex
artery wraps around the posterior
aspect of the valve to the crux of the
heart. (c) Gross specimen of the mitral
valve leaflets. The posterior mitral
leaflet (PML) is divided into three
scallops; lateral scallop (LS), central
scallop (CS) usually the largest, and
the medial scallop (MS) by prominent
indentations in the leaflet margin. Note
the anterior mitral leaflet (AML) is
free of these indentations or scallops.
The anterior leaflet is rather triangular
in shape. The posterior leaflet is more
rectangular in shape and wraps around
the free margin of the anterior leaflet.
Although the leaflet width of the
anterior leaflet is larger than the
posterior leaflet, both leaflets are
approximately equal in surface area. In
addition, both leaflets are really
continuous as demonstrated at the
commissures, which do not extend
entirely to the annulus. ALC,
anterolateral commissure; PMC,
posteromedial commissure; PV,
pulmonary valve; RCA, right coronary
artery.
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Figure 2.2 Normal anterior and
posterior leaflet anatomy. (a) The
anterior mitral leaflet is triangular in
shape with a broad base of attachment
and a rounded apical contour. The
body of the leaflet is thin and
translucent in comparison to the leaflet
margin. Chordal insertion to the
ventricular surface of the free margin
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thickens the leaflet and produces the
rough zone, which aids in providing
for maximum leaflet coaptation. Both
papillary muscles supply chordae
tendineae in an oblique, symmetrical
fashion to the anterior leaflet. The
oblique orientation of the chordae
allow for maximum and unrestricted
movement of the anterior leaflet.
Anterior leaflet chordae tendineae are
labeled according to their point of
attachment to the leaflet and by some
degree to their shape. PM, paramedial,
S, strut, PC, paracommissural chordae;
APM, anterior papillary muscle; PPM
posterior papillary muscle. (b) The
posterior mitral leaflet (PML) is
rectangular in shape and comprises a
larger circumference and therefore
portion of the annulus in comparison to
the anterior leaflet. Both papillary
muscles (PPM) supply chordae
tendineae (CT) to the posterior leaflet
in a symmetrical and parallel fashion.
This parallel arrangement is attributed
to the shorter distance between the
papillary muscles posteriorly in the
ventricle and lends to the pressure
support theory for the function of the
posterior leaflet. Also the arrangement
of the papillary muscles project
chordae tendineae which when relaxed
are evenly spaced at a distance free
from each other with normal motion.
The three scallops of the posterior
leaflet are readily identifiable with the
central scallop (CS) being the largest
scallop. MS, medial scallop; LS, lateral
scallop.
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Figure 2.3 Normal anterior and
posterior commissures. Each
commissure receives one chordae
tendineae from its respective papillary
muscle. Commissural chordae are
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broad at their origin, project
perpendicularly to fan out intersect the
commissural portion of each leaflet. In
this manner, adequate support is
provided to the whole commissure
serving as a hinge point for leaflet
motion. (a) Anterolateral commissure.
(b) Posteromedial commissure. Due to
the oblique orientation of the mitral
valve in the fibrous skeleton in
relationship to the position of papillary
muscles, the commissural chord to the
posteromedial commissure usually
spreads out wider as it branches and is
thicker and longer than the chordae to
the anterolateral commissure. This
may provide credence for why the
leaflet tissue surrounding the
anterolateral commissure is less likely
to prolapse and therefore at surgery
provides a good reference point for
demonstrating prolapse for other areas.
AL, anterior leaflet; PL, posterior
leaflet; PM, papillary muscle; CT,
chordae tendineae.

The two leaflets, anterior and posterior, differ in size and shape but share equal leaflet
surface area (figure 2.2). The anterior leaflet, also known as the septal or aortic leaflet, is
quadrangular or triangular in shape, with a convex free edge. The height or width (base to
free edge measurement) of the anterior leaflet is about one third larger than the posterior
leaflet. The posterior leaflet (mural or inferolateral) is narrower, attaches to a larger
portion of the annulus than the anterior leaflet, and has a concave free edge. Two natural
indentations or clefts in the posterior leaflet produce three segments, which subdivide the
posterior leaflet, into lateral, central, and medial scallops. The lateral and medial scallops
are smaller in surface area than the central scallop. The two leaflets are joined at their
lateral free edges near the annulus just above the papillary muscles, to form two hinge
points or commissures (figure 2.3). When the mitral valve is closed during systole and
viewed enface, the line of valve closure resembles a smile. When the mitral valve is open
during diastole and viewed enface, it assumes more of an elliptical shape that gradually

tapers like a funnel into the ventricle, and, when imaged sagitally, resembles a trap door
with the anterior to posterior leaflet ratio being 2/3 and 1/3 respectively.



Mitral valvular disease 63

The leaflet tissue is thin and transparent near the annulus and the central portion
(body) of the valve, gradually thickening near the free edge, becoming opaque and very
thick at the opposing surface (rough zone). It is this rough zone that is the point of
attachment for the chordae, and which permits a seal between the two leaflets when they
approximate during closure. The leaflet edges fold over the chordal attachment
(hooding), which somewhat protects the insertion point and provides increased surface
area for approximation.

The posterior leaflet, with its narrow height, serves as a valance for the anterior leaflet
to swing up and close against promoting a seal during closure. This leads to the concept®
of the anterior leaflet being the active “velocity leaflet”, largely responsible for the
dynamics of opening and closing of the mitral orifice. The posterior leaflet is the “passive
leaflet” and is the buttress that the anterior leaflet closes against to absorb the strain
transmitted to the valve from the pressure generated in the ventricle during systole. The
smaller height of the posterior leaflet also defines the orientation of the inflow tract,
directing the flow of blood to the posterior aspect of the left ventricle.

Annulus

The two mitral leaflets are attached at their bases to a ring of fibro-muscular tissue in the
fibrous skeleton of the heart, called the annulus fibrosus 2% (figure 2.1). The fibrous
trigones are the major components of the annulus fibrosus and sit adjacent to the
commissures. The right trigone or the central fibrous body is the more prominent of the
two and is centered between the tricuspid, mitral, and aortic valves. The left trigone is
seated between the mitral and aortic valve towards the periphery and most posterior
portion of the fibrous skeleton. The two trigones are connected anteriorly with a thick
band of collagenous connective tissue (mitralaortic fibrous continuity), which is in
between the aortic and mitral valve and which forms the annulus for the entire anterior
mitral leaflet. The anterior leaflet occupies only 40% of the total annular perimeter, with
the entire basal portion of the anterior leaflet being attached to rigid collagen tissue
opposite the aortic valve, which allows commissural attachments to be very close to the
trigones. These characteristics allow rigid support of the anterior leaflet. The trigones
project connective tissue laterally and posteriorly, surrounding the posterior leaflet to
form the remainder of the annulus. The posterior annulus is thinner and weaker than the
anterior annulus—as the connective tissue progresses posteriorly it gradually tapers to
leave the posterior area around the central scallop with only loose connective tissue
almost completely devoid of collagen fibers. This provides less annular support for the
posterior leaflet, especially near the central scallop,>*® allowing the annulus to stretch in
this area.

The dimensions of the annulus are described by a smaller height (anterior—posterior
dimension) compared with its width (transverse dimension), with a 3:4 ratio,
respectively.?

Chordae tendineae

The chordae tendineae are tendinous supporting structures that originate from the tips of
the papillary muscles and fan out by branching before inserting onto the ventricular



Atlas of multiplane transesophageal echocardiography: volumel 64

surface of the leaflet™® (figure 2.4). Usually, chordal insertion is equally spaced (0.5 mm

apart) on the margin of the leaflet edge, which promotes symmetrical motion. Normal
chordae tendineae are arranged in an architectural alignment and spacing. Each chord is
free from the others, without touching the ventricular myocardium during all phases of
the cardiac cycle (figure 2.5). Occasionally, some chordae may originate directly from
the ventricular myocardium and insert into the leaflets. Small false chords may originate
from the ventricular myocardium and attach to the papillary muscles, which are thought
to act as supporting apparatus for the papillary muscles. Aberrant chords are chordae that
are attached from myocardium to myocardium, which have unknown significance and
probably serve no real purpose. Variations in the number of chords and of the branching
or insertion patterns account for the major aberrations of the chordae tendineae.

Figure 2.4 Normal mitral valve
anatomy. (a) Postmortem mitral valve
specimen viewed form the atrial aspect
of the leaflets. Chordae tendineae
attach to the undersurface of the leaflet
margins producing hooding of the
leaflet edge for the rough zone (stars).
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The greater thickness of the rough
zone of the leaflet margin provides
greater surface area for leaflet
coapation. In addition false chordae
tendineae are demonstrated bridging
one papillary muscle to another. (b)
Postmortem mitral valve specimen
viewed from the ventricular aspect of
the leaflets. Chordae tendineae insert
into the ventricular or undersurface of
the leaflet margin. Chordae tendineae
only insert to the peripheral margin of
the anterior leaflet. (c) Postmortem
mitral valve specimen viewed from a
lateral ventricular aspect of the
posterior leaflet surface. The parallel
projection of chordal insertion to the
posterior leaflet (c) from the papillary
muscles is demonstrated nicely.
Chordae tendineae insert to the whole
undersurface of the posterior leaflet
including the leaflet margin, body of
the leaflet and annular insertion
portions. This chordal arrangement
again lends credence for the pressure
support function of the posterior mitral
leaflet. AL, anterior leaflet; PL,
posterior leaflet; APM, anterior
papillary muscle; PPM, posterior
papillary muscle; CT, chordae
tendineae.

Chordal systems differ according to whether they are attached to the anterior or
posterior leaflets.>>"*® Chordae to the posterior leaflet project and attach to the
ventricular surface of the leaflet in a parallel manner. These act as supporting columns to
the posterior leaflet and supportthe buttressing theory for closure. Branching posterior
leaflet chordae insert into the central scallop free edge, body (mid surface), or basal
portion near the annulus. Chordae to the lateral and medial scallops insert in a more
variable arrangement. Chordae to the anterior leaflet are projected in an oblique manner,

which aids in opening and closing of the leaflet. Anterior leaflet chordae insert onto the
ventricular surface of the leaflet directly to the leaflet margin (primary chordae) or
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slightly behind the free edge (secondary chordae). Chordae to the anterior leaflet can be
further subdivided into paramedial, central strut, or paracommissural, depending on their
position on the perimeter of the anterior leaflet free edge margin.

The commissures have a unique chordal system that serves as an anchor to the leaflets
hinge point®*® (figure 2.3). Each papillary muscle gives rise to one commissural chord.
The commissural chord arises in a singular fashion and fans out distally, into about five
small chords inserting into the corner of both leaflets, the free edges of the commissural
tissue. Due to the slightly oblique position of the valve in the annulus fibrosus in relation
to the papillary muscles, the commissural chords to the posterior medial commissure
usually spread or fan wider as it branches and are thicker and longer than the chords to
the anterior lateral commissure. The proper identification of the commissures can be
aided by identifying the respective commissural chord pattern.

Papillary muscles

The papillary muscles originate as muscular projections or columns from the ventricular
myocardium, between the apical and middle portion of the ventricular chamber (figure
2.6).2"?® The exact positioning of both papillary muscles may vary considerably. The
anterior papillary muscle usually arises from the lateral border of the anterior wall, and
the posterior papillary muscle usually originates from the medial aspect of the posterior
wall where it abuts the ventricular septum. There is usually only one anterior papillary
muscle, and two or three posterior papillary muscles, but the volume of the anterior and
posterior muscle groups are usually equal.

When a papillary muscle group is present the individual muscles wrap around each other
in a concave—convex fashion almost acting as a single unit during contraction. The base
and body of the papillary muscles are anchored to the ventricular free wall by muscular
or tendinous chordae known as false chords, which are believed to serve also as channels
for Purkinje fibers. The tips or heads of the papillary muscles taper into tendinous
projections to give rise to the chordae tendineae. Each papillary muscle group gives off
chordae tendineae in a symmetrical fashion to their respective halves of both the anterior
and posterior leaflets (figure 2.4). It is well established that the papillary muscles play a
vital part in valve integrity and valve motion.
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Figure 2.5 Anatomical preparation
demonstrating how the mitral valve
produces a functional left ventricular
inflow tract and left ventricular
outflow tract. Unlike the right ventricle
there is no true anatomical inflow and
outflow tracts. The inflow and outflow
tracts are produced by the normal
anatomical relationship of the mitral
valvular apparatus in its posterior
position and orientation in the left
ventricle. LA, left atrium; LVIT, left
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ventricular inflow tract; PM, papillary
muscle; AL, anterior mitral leaflet;
AV, aortic valve; Septum;
interventricular septum.

Figure 2.6 Short-axis anatomical
preparations corresponding to the
standard echocardiographic short-axis
views obtained from the gastric
window at 0°. (a) Ventricular short
axis at the papillary muscle level. (b)
Ventricular short axis at the basal
level. (c) Short-axis orientation of the
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mitral valve as typically projected from
the transesophageal gastric window.
RV, right ventricle; LV, left ventricle;
TV, tricuspid valve; LVOT, left
ventricular outflow tract; AV, aortic
valve; Al,2,3, anterior mitral leaflet;
P1,2,3, posterior mitral leaflet.

d

Figure 2.7 Orientation of the mitral
valve from different perspectives in the
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operating room. It is helpful to
understand the orientation of the mitral
valve from different perspectives so
that meaningful and accurate
communication can occur between all
three groups especially during mitral
valve reparative procedures. (a)
Surgeon’s anatomical view. (b) Short-
axis echo image. (c)
Echocardiographer’s orientation. (d)
Anesthesiologist’s anatomical
perspective from the head of the
operating table. AML, anterior mitral
leaflet; P1,2,3, posterior mitral leaflet.
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Figure 2.8 Anatomical preparations
demonstrating the orientation of the
mitral valve depicted in the standard
TEE views and short axis plane. Due
to the relationship of the esophagus to
the heart the mitral valve plane is
visualized from many different
perspectives, which often produces
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confusion in accurately identifying the
exact leaflet area visualized. (a) The
standard four-chamber, frontal plane at
0° obtained from the mid- to lower
esophageal windows. (b) Typically the
mitral valve is cut tangentially
depending upon the position of the
TEE transducer within the esophagus.
Lower in the esophagus the valve
leaflets are imaged nearer the
posteromedial commissure; imaging
more of the lateral area of the anterior
leaflet and medial area of the posterior
leaflet (2). As the probe is slowly
withdrawn towards the mid-esophagus
the leaflets are imaged nearer the
anterolateral commissure; imaging
more of the medial area of the anterior
leaflet and lateral area of the posterior
leaflet (1). (c) The standard two-
chamber view at approximately 60°.
The transesophageal echocardiography
(TEE) imaging plane cuts the mitral
valve leaflets parallel to the line of
closure. (d) With slight rotational
movement of the transducer the plane
can be directed through the anterior
leaflet, posterior leaflet of line of
closure of the leaflets. (e) The standard
three-chamber view at 135°. (f) This
view produces an imaging plane
nearest to truly cutting the mitral valve
in an anterior—posterior orientation.
RA, right atrium; LA, left atrium; RV,
right ventricle; LV, left ventricle; AL,
anterior leaflet; PL, posterior leaflet;
ALC, anterolateral commissure; PMC,
posteromedial commissure.
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Figure 2.9 Normal echocardiographic
anatomy. In the lower esophageal
window the mitral valve is imaged in
different planes as the transducer is
rotated between 0° and 180°. In
examining the mitral leaflets and
subvalvular apparatus it is important to
have a conceptual idea of the true
anatomy in each plane in order to
mentally construct a three-dimensional
perspective of the mitral anatomy.
Mitral valve disease or abnormalities
can more accurately be described and
understood in this manner. Frontal
projections. (a) Anatomical preparation
of the heart at —10°. (b) Enlargement of
mitral apparatus —10°. (c) Anatomical
preparation of the heart at 0°. (d)
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Enlargement of mitral apparatus 0°. (e)
Anatomical preparation of the heart at
30°. (f) Enlargement of mitral
apparatus 30°.

The blood supply to the papillary muscles is highly variable.” The confluence of
coronary artery branches joins into a single central artery or meshwork of small branches,
which tapers and projects longitudinally in the muscle. This framework of blood supply
probably allows the head of the muscle to be more prone to ischemia. The anterior
papillary muscle is supplied by the second septal branch of the left anterior descending
artery and by a branch of the circumflex artery. The posterior papillary muscle is usually
supplied from septal branches of

Figure 2.10 Normal echocardiographic
anatomy demonstrating mitral valve
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anatomy (continuation of fig. 2.9).
Longitudinal projections. (a)
Anatomical preparation of the heart at
60° with enlargement of mitral
apparatus (b). (c) Anatomical
preparation of the heart at 75° with
enface view of the mitral leaflets
illustrating rotational cuts and
corresponding enlargements (d)
predominately anterior leaflet, (e)
anterior and posterior leaflets near line
of closure, (f) predominately posterior
leaflet.
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Figure 2.11 Normal echocardiographic
anatomy demonstrating mitral valve
anatomy (continuation of figures 2.9
and 2.10). (a) Anatomical preparation
of the heart at 110° with enlargement
of mitral apparatus (b). (c) Anatomical
preparation of the heart at 135° with
mitral apparatus enlargement (d).
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the posterior descending artery, in addition to a small branch of the circumflex artery.
When the blood supply is left dominant, the posterior papillary muscle is especially
vulnerable to ischemia. Similar to the ventricular endocardium, the papillary muscles are
also perfused by the diffusion of oxygen from blood in the ventricular cavity.

Normal multiplane transesophageal echocardiographic valve analysis

Transesophageal echocardiography has allowed many of the intricacies of the mitral
valve apparatus to be elucidated.*® It is now widely recognized that proper function of
the mitral valve depends on the normal function and integrity of the leaflets, annulus,
chordae tendon, papillary muscles, and subjacent left ventricular myocardium.
Abnormalities in any of these components, either individually or in combination, produce
dysfunction of the mitral valve unit. Multiplane transesophageal echocardiography, can
define the mitral valve structure and function. To obtain a comprehensive and accurate
description of the whole mitral apparatus it is useful to have a systematic approach in
performing the multiplane transesophageal echocardiographic examination (figures 2.7—
2.11). With the multiplane transesophageal echocardiographic transducer in the stomach
the papillary muscles can be assessed along with their interaction with the left ventricle.
With slow withdrawal of the probe into the esophagus the chordae tendineae, and the
valve leaflets including commissural areas and annulus, can be assessed in succession
(figure 2.6). With a careful systematic transesophageal echocardiographic assessment, a
three-dimensional picture of the whole mitral apparatus can be constructed mentally.

Figure 2.12 Normal mitral valve
motion during the cardiac cycle in the
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gastric short axis view. In early
diastole (a) the open mitral valve
conforms to a “D” shape with the
anterior leaflet to the right and the
posterior leaflet to the left of the
echocardiographic image. In mid-
diastole (b) the anterior and posterior
leaflets drift closer together as left
ventricular filling decreases. During
atrial systole (c) the valve leaflets
again separate to assume a more
circular orifice. By late diastole (d)
following atrial contraction and end
systole (e) the anterior and posterior
leaflets approximate into a “C” shape
or the typical “smile” as described
surgically.

With the multiplane transesophageal echocardiographic transducer at 0°, 40-45 cm
from the incisors, in the transgastric position the probe is slightly anteflexed and
maneuvered to obtain a short axis view of the left ventricle at the mid papillary muscle
level (figures 2.6, 2.12-2.18). Depending on the heart’s position in the chest, being either
vertical or horizontal the transducer may need to be rotated from 0° to about 15° to obtain
a true, non-oblique short axis view of the left ventricle. With the depth of the
echocardiographic image set to 12-16 cm, the normal left ventricle should fill most of the
image sector and allow good visualization of the papillary muscles for examination. The
papillary muscles are visualized in the short axis of the left ventricle in cross-section. The
posteromedial papillary muscle is found at the top of the echocardiographic display at
approximately 1 O’clock, and the anterolateral papillary muscle is located between 4 and
5 O’clock near the bottom of the display. The exact position of the papillary muscles
varies in different patients, which may be better appreciated by transesophageal
echocardiographic imaging than by transthoracic echocardiography. However, both
papillary muscles
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Figure 2.13 Normal mitral valve
motion during the cardiac cycle in the
lower esophageal view at 0°. The
anterior leaflet is in the left of the
image sector and the posterior leaflet is
on the right. The anterior leaflet
appears longer and exhibits greater
motion than the posterior leaflet. Both
leaflets open and close in a trap door
fashion. (a) Early diastole. (b) Mid-
diastole. (c) Atrial systole. (d) Late
diastole. (e) End systole.

are normally situated in the longitudinal, posterior half of the left ventricle. Therefore in
the short axis view the distance between the papillary muscles in the inferior aspect of the
left ventricle is less than half the distance around the anterior aspect of the left ventricle.
The anterolateral papillary muscle is usually larger than the posteromedial muscle and is
usually comprised of one muscle, in contrast to the posteromedial muscle, which is made
up of a group of two or more smaller muscles. Both papillary muscles should appear in
close approximation with the ventricular myocardium, if not contiguous with it, and
should have the same echogenicity or texture as the surrounding muscle. The size or
diameter of the papillary muscles should be slightly smaller or approximate the
myocardial thickness. Occasionally, both papillary muscles may exhibit isolated
hypertrophy,® appearing thicker or slightly out of proportion to the ventricular
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myocardium, but are in normal positions in the ventricular cavity. In this situation,
attention must be paid to the position of the papillary muscles to ensure that there is
adequate separation of the muscles along the posterior circumference of the ventricle.

The transducer is then rotated 90° from the true cross-section just obtained to assess
the papillary muscles longitudinally (figure 2.19). In the long axis view, with the
papillary muscles centered in the middle of the echocardiographic image, the integrity of
the papillary muscles to the left ventricular myocardium is readily apparent. In the apex-
up orientation, with the transducer at the top of the screen, the posteromedial muscles
with multiple heads appear directly at the top of the image and project towards the base
of the heart, with the anterolateral muscle at the bottom of the image. Either papillary
muscle may be better defined with minor angulations of the probe. The

Figure 2.14 Normal mitral valve
motion during the cardiac cycle in the
lower esophageal view at 60-75°. The
anterior leaflet appears in the middle of
the annular plane bordered by the
posterior leaflet on both sides. The
anterior leaflet moves in an out of the
mitral plane during the cardiac cycle,
while the posterior leaflet swings back
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and forth. The probe can be slightly
rotated to focus the examination on the
anterior or posterior leaflet during
closure. (a) Early diastole. (b) Mid-
diastole. (c) Atrial systole. (d) Late
diastole. (e) Predominately posterior
leaflet during end systole, note
scalloping of the leaflet. (f)
Predominately anterior leaflet during
end systole.

papillary muscles should be affixed to the myocardium in the mid third of the ventricle,
with the anterolateral muscle generally appearing longer and narrower in the ventricle in
the longitudinal projection. In all cases, the papillary muscles should have similar size
and motion. The papillary muscles are attached to the ventricle with a broad base and
gradually taper to a head in a conical fashion, ending at roughly the same level in the
ventricular cavity. Occasionally, a small accessory papillary muscle may be seen
emanating from the apex. All muscles should have similar echogenicity, signifying the
same muscle texture and density of the surrounding ventricular myocardium. In older
patients, however, a small degree of increased echogenicity is frequently observed in the
papillary muscle tip, signifying calcification, which probably represents the normal
ageing process. Normal motion of the ventricular myocardium should also be observed in
relation to normal papillary muscle motion. Fractional shortening of the papillary muscle
(FSPM, figure 2.20) can be easily determined in this view by measuring the end-diastolic
(EDL) and end-systolic longitudinal lengths (ESL) where FSPM = [{EDL — ESL/EDL}
x100]. Normal papillary muscle fractional shortening in human beings is 30 + 8%.%°
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Figure 2.15 Normal mitral valve
motion during the cardiac cycle in the
lower esophageal view at 135°. The
anterior leaflet is on the right of the
echo image with the posterior leaflet
on the left. As in the 0° orientation the
anterior leaflet appears larger and
exhibits greater excision. This view
however, represents the truest anterior—
posterior cut to the mitral valve plane.
(a) Early diastole. (b) Mid-diastole. (c)
Atrial systole. (d) Late diastole. (e)
End systole.

The chordae tendineae are visualized as thin horizontal, continuous structures
emanating from the heads of the papillary muscles, projecting towards the annulus (base
of the heart) and inserting into the ventricular surface of the leaflets (figure 2.17). The
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chordae tendineae appear as multiple, thin linear structures that move in and out of plane
with changes in the cardiac cycle between systole and diastole. Normal chordae should
all appear to emanate from the apex or head of the papillary muscles and project in a
straight, nearly horizontal manner as they fan out towards the leaflets. In the longitudinal
projection, the chordae that insert into the posterior leaflet appear

Figure 2.16 Deep transgastric view of
the mitral valve. The mitral valve
apparatus is nicely demonstrated in the
deep transgastric view. The chordae
tendineae and papillary muscles are not
overshadowed or hidden by coexistent
leaflet abnormalities due to the close
approximation of the mitral apparatus
to the TEE probe. Pathology including
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abnormalities in motion of the chordae
tendineae and papillary muscles is
readily demonstrated during diastole
and systole. (a) Diastolic frame at 0°.
(b) Systolic frame at 0°. (c) Diastolic
frame at 125°. (d) Systolic frame at
125°. The chordae tendineae should
appear straight during both diastole
and systole. Redundancy or excessive
motion of the chordae is easily
demonstrated especially during systole
suggesting chordal elongation and
occasionally SAM (systolic anterior
motion).

Figure 2.17 Gastric views of the mitral
subvalvular apparatus. In the gastric
view at 90° the chordae tendineae and
papillary muscles are easily
demonstrated during diastole and
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systole. The chordae to the posterior
leaflet appear parallel in orientation
during diastole (a) and systole (b).
With slight rotation of the probe the
chordae to the anterior leaflet are
demonstrated with their oblique
orientation during diastole (c) and
systole (d). With annular dilatation
chordae assume an oblique orientation
to the posterior leaflet, similar to the
anterior leaflet chordae.

nearly horizontal, whereas the chordae to the anterior leaflet are more oblique. It should
be noted that all chords, whether they insert into the anterior or posterior leaflet, should
appear straight—almost under tension—in both diastole and systole. With the currently
available multiplane probes, branching of the chordae tendineae is apparent, but even in
the zoom modes the image resolution does not allow for the reliable labeling of chords as
primary, secondary, or tertiary branches. Occasionally, chordae may be identified that
emanate from the heads of the papillary muscles and insert into the ventricular
myocardium. These chordae are frequently identified by transthoracic imaging, but are
more readily apparent with transesophageal echocardiography, and have been labeled as
ventricular chordae or aberrant chordae.

Figure 2.18 Gastric views of the
papillary muscle. In the gastric view at
0° at the mid-ventricular level the
papillary muscles are seen in short
axis. The posterior papillary muscle is
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seen in the top of the image sector and
the anterior papillary muscle is seen in
the bottom of the image. Both
papillary muscles are seated in the
posterior third of the ventricle during
(a) diastole and (b) systole, which
promotes a smaller posterior
circumferential dimension than
anterior dimension. This dimension is
important in that it ensures blood flow
in a posterior direction from the left
ventricular inflow and also promotes a
parallel chordal arrangement to the
posterior mitral leaflet.

The probe is slowly advanced to approximately 50 cm at 0° to the deep transgastric
level, with anteflexion until the aortic root is imaged obliquely and the mitral subvalvular
apparatus is well seen (figure 2.16). The papillary muscles are visualized obliquely with a
foreshortened view of the left ventricular apex near the top of the echocardiographic
screen. Usually both papillary muscles are visualized between 0° and 20°. The central
portions of both papillary muscles are easily inspected along with the chordae tendineae.
The chordae tendineae appear straight, all about the same width, and lie in a vertical
position in the image. The valve leaflets, however, are too foreshortened to be fully
appreciated, especially when they are normal or show hooding, but it is possible to easily
determine the anterior from the posterior leaflet. In our experience, this is the best view to
assess the chordae tendineae. Elongation of the chords is easily seen, as the chordae
appear redundant, bowed, and curvilinear, instead of straight. The chords to the anterior
leaflet appear to project at an angle away from the papillary head, and the chords to the
posterior leaflet appear to be parallel and vertical. With further rotation of the transducer
from 45° to 50°, a sweep of the whole subvalvular apparatus is completed and nearly all
of the chords can be assessed.

The multiplane probe is then slightly withdrawn at 90° to center the annulus and
leaflets in the echocardiographic image. With slight angulations of the probe, the full
breadth of the anterior, posterior, or both leaflets are seen cut vertically, opening and
closing with changes in the cardiac cycle. The mitral annular plane is readily apparent,
separating the left ventricle (to the left of the image) and the left atrium (to the right of
the image), and the normal mitral valve leaflets do not protrude significantly past this
imaginary plane towards the left atrium. During diastole when two leaflets are imaged,
the posterior leaflet is seen at the top of the echocardiographic image and the anterior
leaflet at the bottom of the image. Rotating the transducer from 90° to 135° shifts the
image towards the left ventricular outflow tract and the aortic root, displaying the anterior
leaflet with much more certainty, being continuous with the aortic root at the bottom of
the display. Care should be taken in assessing the thickness of the leaflets at the points of
chordal insertion so as not to overestimate leaflet thickness in this area.
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Figure 2.19 Gastric views of the
papillary muscle. In the gastric view at
90°the motion of the papillary muscles
may be assessed throughout the
cardiac cycle. Fractional shortening of
the papillary muscle can be measured.
(a) Early diastole. (b) Mid-diastole. (c)
Atrial contraction. (d) Systole.

The transducer is returned to 0° and the probe is slightly withdrawn towards the lower
esophageal level (about 35 cm from the incisors) to image the base of the left ventricle
and project the mitral valve leaflets and annular plane enface (figures 2.12, 2.21). The

probe is slightly angulated or the transducer is rotated to accommodate the oblique nature
of the mitral annulus at this level, until the maximum opening of the valve orifice at the
leaflet tips is visualized. The opening and closure of the valve leaflets may be timed with
the cardiac cycle and the best appreciation of leaflet motion is obtained in this view. The
anterior leaflet will be seen to the left and slightly rotated inferiorly in the image towards
the ventricular septum and right ventricle. The posterior leaflet will be displayed directly
opposite the anterior leaflet slightly superiorly to the right, towards the left ventricular
free wall margin. The commissures are apparent as the points of continuity between the
anterior and posterior leaflet. The posteromedial commissure is at the top of the image,
roughly in the same orientation as the posteromedial papillary muscle position, and the
anterolateral commissure at the bottom of the image corresponds to the position of the
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Figure 2.20 Diagram demonstrating
measurements of the mitral
subvalvular apparatus. Fractional
shortening of the papillary muscle can
be easily determined by measuring the
end-diastolic (a) and end-systolic (b)
longitudinal lengths as represented in
the diagram. Normal motion of the
ventricular myocardium should also be
observed in relationship to normal
papillary muscle motion.

respective papillary muscle. The leaflets will appear shaggy and non-continuous during
movement, due to hooding of the chordal attachments as they move in and out of the
imaging plane. The leaflets on cross-section should move appropriately with the cardiac
cycle, without areas of chaotic motion. During early diastole when the valve opens, the
mitral orifice resembles a letter “D”. When the valve leaflets are normal the leaflet
margins approximate the shape and dimension of the annulus. If the whole annulus is
visualized, the diameter of the annulus can be measured construing a line between the
two commissural points. The anterior leaflet appears straight and the posterior leaflet
concave, both leaflets join at the commissures. During mid-diastole the leaflets slowly
start to approximate in a crescentric fashion, with most motion in the anterior leaflet
becoming convex to the posterior leaflet. During atrial systole, both leaflets again open
abruptly to form a circular orifice. During ventricular systole both leaflets begin to
approximate, as the ventricle becomes smaller, again the anterior leaflet appearing to
move more towards the posterior leaflet in a convex manner. When the leaflets are totally
closed during systole the line of closure resembles a “smile”, with a symmetrical
crescent-shaped configuration. During leaflet motion, the individual scallops of the
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posterior leaflet may be appreciated. This view represents the typical exposure of the
mitral valve as visualized by the cardiac surgeon, and thus is an important view for
communicating leaflet abnormalities (figure 2.7). Both leaflets are labeled in three
segments according to the normal scallops of the posterior leaflet; P1 is the anterolateral
scallop, P2 is the central scallop, and P3 is the posteromedial scallop. The anterior leaflet
is subdivided into Al to A3 based on the segment of leaflet directly opposite the posterior
segment.*

Figure 2.21 Short-axis
echocardiographic visualization of
mitral valve motion illustrating normal
valve motion in comparison to type I,
I1 and 111 mitral motion according to
the Carpentier classification scheme.
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The transesophageal echocardiographic probe is then withdrawn at 0° to the mid-
esophageal level (30 cm from the incisors), with the tip of the probe in a neutral position
with enough flexion to ensure contact between the transducer and the esophageal wall.
During withdrawal of the probe, the heart image progresses from a short axis plane of the
left ventricle to a four-chamber frontal plane of the heart, then a five-chamber frontal
plane of the heart (figure 2.13). The right ventricle is to the left of the image and the left
ventricle is to the right of the image. The atrium is displayed to the top of the
echocardiography sector with the ventricular apex to the bottom of the image. The mitral
valve should be centered in the image with slight rotation of the probe shaft. The depth of
the image sector may be decreased between 10 and 12 cm to assess the full linear extent
of both leaflets during the cardiac cycle. Occasionally, the zoom feature may provide
better resolution and delineation of the leaflet details. The two mitral leaflets open
towards the left ventricular apex during diastole, producing a funnel shape to the orifice.
Frequently, the subvalvular apparatus, especially the chordae tendineae, will not be
visible without increasing the gain settings. The anterior leaflet will be on the left of the
echocardiographic image, appear longer, and show the most motion during opening and
closure. The posterior leaflet will appear to the right of the echocardiographic image
towards the lateral left ventricular wall. The posterior leaflet will appear shorter and
move less, with slight but noticeable billowing of the leaflets compared with the anterior
leaflet during closure. The rate of movement of the anterior leaflet appears greater than
that of the posterior leaflet, with the anterior leaflet opening parallel to the ventricular
septum and the posterior leaflet nearly parallel to the posterolateral ventricular wall.

Due to the oblique position of the mitral valve annulus in relation to the
transesophageal echocardiographic probe, the valve appears tilted, so that the imaging
plane through the valve leaflets cuts the valve tangentially, often producing confusion in
accurately identifying the exact area of the leaflet (figure 2.8). When imaging the valve at
0° in the frontal plane, the valve leaflets are imaged nearer the posteromedial commissure
at the lower esophageal position, imaging more of the lateral area of the anterior leaflet
and medial area of the posterior leaflet (A3, P1). As the probe is slowly withdrawn, the
leaflets are transected in a successive manner more towards the middle of the leaflets
(A2, P2). With further withdrawal of the probe, the anterolateral commissure portion of
the leaflet is reached at the mid-esophageal level, and the medial portion of the anterior
leaflet and the lateral region of the posterior leaflet is visualized (Al, P3). With this
maneuver, the complete free margins of both leaflets may be inspected in a precise
manner. This is most helpful in evaluating the point of closure, or approximation of the
leaflets during systole. The frontal plane provides a very good view to visualize the
annular plane and excessive motion of the valve leaflets. An imaginary line can be drawn
from the points of attachment of both leaflets to the annulus. With normal mitral valve
closure the points of approximation of the free edge of both leaflets should not extend
past the annular plane or protrude into the left atrium. Due to the saddle shape of the
normal mitral valve leaflets during closure, the body of the leaflets may billow or extend
minimally past this plane, but the exact point of closure or approximation normally will
not. Normal billowing of the body of the leaflet should not protrude more than 1 cm past
the annular plane. When evaluating the line of closure in all of these views, the rough
zone of the free margins of both leaflets should give the impression that both leaflets
coapt, so that the leaflet surface area of contact is at least 1 to 2 mm. Normal valve
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leaflets should not appear to barely touch. When the mitral valve is viewed sagitally, the
leaflets appear to open into the left ventricle like a trap door, with the anterior leaflet
moving predominately. During closure of the valve, the anterior leaflet swings up to meet
the posterior leaflet in the plane of the annulus. The anterior leaflet has been referred to
as the velocity or active leaflet and the posterior leaflet the passive leaflet.

Figure 2.22 Diagram demonstrating
measurements with TEE for mitral
annular dilatation. When there is
dilatation of the annulus, the length of
the anterior leaflet may be compared to
the length of the annulus and provides
an important ratio for evaluating
annular dimensions. A ratio less than
0.9 suggest that the annulus is
sufficiently dilated so that the anterior
leaflet cannot reach the posterior
leaflet for adequate closure.

In the five-chamber frontal plane, with the transesophageal echocardiographic probe in
the mid-esophagus, approximate dimensional measurements can be made with regard to
the mitral valve unit (figure 2.22). When there is subtle dilatation of the annulus, the
length of the anterior leaflet may be compared with the length of the annulus, and

providing an important ratio to assess normal annulus dimensions.*’ This measurement
can be readily made in this view by multiplane transesophageal echocardiography, and
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the ratio of the anterior leaflet/annulus length should be about 0.9. A ratio less than 0.9
suggests that the annulus is dilated so that the anterior leaflet cannot reach the posterior
leaflet for adequate approximation.

Another important assessment, easily made with transesophageal echocardiography, is
the aorto-mitral annulus angle or angle of closure (figure 2.23).*" In the normal mitral
valve, there is an obtuse angle between the anterior mitral leaflet and the aortic root to
signify normal annulus size as well as lack of excessive leaflet tissue. This allows
forward blood flow during diastole to be oriented toward the ventricular apex, and pushes
the line of leaflet closure far from the left ventricular outflow tract, preventing
impingement or obstruction by the mitral apparatus.

Frokxne St Arrual e

Figure 2.23 Diagram demonstrating
the aorto-mitral angle. The aorto-mitral
angle may be easily visualized for
semi-quantitative or direct
measurement with multiple TEE. (a) In
mitral valve prolapse the excessive
tissue predominately of the posterior
leaflet pushes the valvular apparatus
towards the left ventricular outflow
tract causing the aorto-mitral angle to
become more acute. (b) The normal
aorto-mitral angle approximately 90°—
110°, allows for the functional
delineation of the left ventricular
inflow and outflow tracts. (c) Annular
dilatation of the mitral valve produces
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an obtuse angle with the posterior
leaflet being pulled away from the
anterior leaflet reducing leaflet surface
area for coaption.

From 0° the transducer can be rotated slowly to 180° to obtain the full circumference of
the mitral annulus and leaflets, exemplifying the true utility of multiplane
transesophageal echocardiography (figure 2.8). With some currently available probes the
transducer can be rotated past 0° to —10°, which opens into the left ventricular outflow
tract or five-chamber view (figure 2.9). Rotating the transducer from 0° to 60° or 75°
images the mitral plane in a two-chamber view, with the left atrium in the top of the
image sector and the left ventricle to the bottom of the image (figures 2.10, 2.14). The
anterior and posterior mitral leaflets will be imaged parallel to the line of closure, and,
with slight manipulation of the probe shaft, either the anterior or posterior leaflet will be
imaged in its full breadth from commissure to commissure. Either leaflet will appear as a
continuous line traversing the annular plane. As the transducer is further rotated through
110°-135°, the mitral leaflets will be imaged in a three-chamber view, with the posterior
leaflet now towards the left of the image sector, and the anterior leaflet to the right and
continuous with the aortic root to form the left ventricular outflow tract (figures 2.11,
2.15).

Multiplane Doppler examination of the normal mitral valve

The mitral valve directs the flow of blood from the left atrium to the left ventricle. During
diastole, the open mitral valve is funnel shaped and gives rise anatomically and
physiologically, to the left ventricular inflow tract. During systole, the mitral valve
maintains the forward flow of blood by closing, preventing the significant regurgitation
of blood into the left atrium. The closed mitral valve leaflets, along with its supporting
subvalvular apparatus, protects the left atrium and contiguous pulmonary structures from
the high pressures generated in the left ventricle, at the same time not interfering with the
outflow tract during left ventricular contraction. The architecture of the mitral valve is
well suited to preserve these functions, and when disease affects the mitral apparatus,
abnormal hemodynamics are produced that may be identified by Doppler techniques.

Although Doppler recordings may be made in any of the mitral valve views described
above, the most important views are those that present the left ventricular inflow tract
parallel to the transducer beam. The principles for the transesophageal echocardiographic
Doppler assessment of mitral valvular hemodynamics are identical to those for
transthoracic measurements and calculations. Routinely, there is no clear advantage in
Doppler echocardiography obtained from the transesophageal exam over the
transthoracic exam, and rarely would one expect to obtain drastically different
information from the transesophageal echocardiogram. One exception may be with the
recording of pulmonary venous flow for assessment of mitral insufficiency, which is
usually easier with transesophageal windows.
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Figure 2.24 Normal color flow
Doppler. (a) High velocity color flow
Doppler through the open mitral valve
leaflets in early diastole recorded in the
low esophageal window at 0°. (b) As
diastole progresses the velocity of the
color flow signal starts to decrease and
flow curves around the ventricular
apex towards the left ventricular
outflow tract. (c) Mid-diastole blood
flow velocities decrease substantially
as the valve leaflets begin to close
further. (d) With atrial systole higher
velocity flow is again recorded in the
left ventricular inflow tract.
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(e) With further closure of the mitral
leaflets, reversal of blood flow is noted
backward towards the left atrium. (f, g)
Complete mitral valve closure and the
start of systole higher velocity blood
flow is noted in the left ventricular
outflow tract towards the aortic valve.
(h) At end systole only low velocity
flow is detected in the left atrium or
left ventricle.
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(1) With slight leftward rotation of the
probe the orifice of the left pulmonary
veins are visualized with low velocity
pulmonary venous flow seen entering
the left atrium in early diastole. (j)
Rotating the transducer to
approximately 15° the left pulmonary
veins are visualized. Pulsed Doppler
can be easily performed in this view to
interrogate and record the pulmonary
venous flow. (k) Returning the probe
to 0° with mild withdrawal and
rightward rotation of the probe the
origin of the right pulmonary veins are
visualized entering the left atrium. (1)
At the same level and rotation of the
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transducer to 90° the full extent of the
right pulmonary vein and low velocity
color flow is recorded.

Views obtained from the mid- and lower esophagus allow good windows for directing
the Doppler beam through the left atrium and the left ventricular inflow tract (figure
2.24). Usually, pulsed Doppler is used to measure the low flow velocities of blood
generated from diastole and atrial systole through the left ventricular inflow tract,
producing the e- and a-wave morphology without a detectable gradient. Continuous wave
Doppler is usually necessary to measure mitral inflow when increased and disturbed flow
is produced, promoting aliasing due to a transmitral gradient. As with transthoracic
measuring, color Doppler may help to direct the Doppler beam in a parallel direction
toward the inflow tract. Color Doppler; red-blue enhanced maps with flow directed
toward the transducer is depicted in red, low velocity flow is detected in the atrium. By
contrast, with the transthoracic echocardiogram, in which the atrium is usually black
during this part of the cycle, blood flow can be mapped easily with transesophageal
echocardiography as it fills the left atrium. Jets of orange-red flow empty from the
pulmonary veins, collecting and mixing in the body of the left atrium. Diastolic forward
flow increases as it enters the funnel shaped mitral inflow orifice, and the converging
flow is shown as patterns of hemispherical aliasing recorded near the open leaflets. As
blood flows through the valve and fills the left ventricular cavity undisturbed, red—orange
laminar flow is recorded at alternating velocities as the leaflets open with early diastolic
filling, and slowly approximate before opening again with atrial systole. Diastolic filling
flow is detected as it swirls and turns through 180 degrees at the ventricular apex, before
blue laminar flow is again recorded in the left ventricular outflow area. A small area of
increased velocity and aliasing is usually detected in the outflow tract, hugging the
proximal ventricular septal wall below the aortic valve. During early systole, especially
with lower aliasing velocity settings, low velocity backward flow may be recorded
initially as the leaflets push blood flow back into the left atrium during closure, to about
1cm from the annulus. At completion of leaflet apposition, blood flow stops completely.
Physiological or normal regurgitation is defined by small jets of flow reversal detected
close to the mitral annular plane. Single or multiple color flow jets with small jet areas
and low flow velocities are imaged without significant turbulence or variance.

Mitral stenosis

Mitral stenosis is the most common cause of left ventricular inflow obstruction. The most
common cause of mitral stenosis is rheumatic carditis, despite its decline in developing
countries since the introduction of penicillin. Transesophageal echocardiography offers
no real advantage over transthoracic techniques in rheumatic mitral stenosis, unless the
patient does not have a suitable transthoracic acoustic window. The real advantage of
transesophageal echocardiography in mitral stenosis is in diagnosing associated cardiac
pathology such as mitral insufficiency, thrombi in the left atrial cavity and appendage,
and assessing the integrity of the atrial septum. Transesophageal echocardiography is
particularly helpful in assessing the suitability for, and predicting the results of,
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percutaneous balloon mitral valvuloplasty, surgical repair and/or commissurotomy. In
diagnosing the other causes of mitral or left ventricular inflow obstruction—congenital
mitral stenosis, parachute mitral valve, mitral arcade, supravalvular mitral ring, cor
triatriatum, left heart or mitral apparatus tumors or thrombi, bacterial or non-bacterial
endocarditis, and severe mitral annular calcification—transesophageal echocardiography
has a distinct advantage over transthoracic echocardiography.

Rheumatic mitral stenosis in the adult may be categorized by leaflet thickening
occurring from fibrosis or calcification, commissural fusion, and stenosis produced in
conjunction with fusion, shortening, and calcification of the subvalvular apparatus. These
three processes may occur independently but usually occur in combination and various
degrees of severity. Commissural fusion is produced from localized inflammation in
areas of reduced motion, that occur as a result of annular dilatation during the acute
process. Commissural fusion may be isolated, with the other portions of the leaflet
remaining totally pliable and free of disease. Leaflet fibrosis, thickening, and
calcification, frequently occurs with commissural fusion. Over time, progressive fibrosis
occurs leading to restriction, contracture and immobility of the leaflets, starting at the
edges and extending to the body of the leaflet. Thickening and fusion of the chordae
tendineae follows, producing narrowing and stenosis of the subvalvular area. In many
cases this is the predominant pathology of obstruction to inflow.*>*3

The transesophageal echocardiographic assessment of mitral stenosis includes (1) an
anatomic description of the morphology and mobility of the mitral valve and the
subvalvular apparatus, (2) an evaluation of the severity of stenosis by estimating the
valve orifice area using planimetry and Doppler methods, (3) an evaluation of the effects
produced by the hemodynamics of obstruction; left atrial enlargement, pulmonary
hypertension, right heart enlargement, and biventricular function, (4) the identification of
associated abnormalities; left atrial thrombus, patent foramen ovale or atrial septal defect,
and (5) a thorough evaluation of the other valves including the assessment of associated
mitral regurgitation.

The best views for assessment of the mitral subvalvular apparatus in mitral stenosis
are the deep transgastric frontal (50-55 cm from the incisors, 0°) and the transgastric
longitudinal views (40cm from the incisors, 90-120°). In both views the papillary
muscles and chordae tendineae are not affected by acoustic shadowing or ghosting from
calcified and thickened mitral leaflets. The papillary muscles will appear hypertrophied,;
and the chordae tendineae should be evaluated for short-ening or retraction, fusion or
thickening, and calcification. In mild cases of mitral stenosis the only recognizable
differences in the subvalvular apparatus will be slight increases in chordal thickening and
minor increase in echogenicity of these structures. Calcification of the subvalvular area
may present as small, discrete areas of increased echogenicity. In more severe cases of
mitral stenosis the papillary muscles, chordae tendineae and points of chordal insertion to
the leaflets can appear as one continuous thick structure without identifiable points of
demarcation between them. The chordae tendineae in severe calcific mitral stenosis may
be very thick, shortened and fused, and appear to cause retraction or eversion of the
leaflets.

The transesophageal echocardiographic probe is then withdrawn to the proximal
transgastric position, and the transducer can be rotated between 0° and 20° to try to image
the mitral valve enface. This can be difficult, since the valve is frequently oblique to the
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probe and the imaging plane from this position in the esophagus. The mitral commissures
will be visible and will appear to be thickened and fused, especially near the outer
margins. Depending on the degree of fusion and scarring of each individual commissure,
the usually central mitral orifice may be displaced or distorted, in addition to being
narrowed, producing the classic fish-mouth appearance of the leaflets during diastole.
The extent of commissural fusion will determine the severity of mitral stenosis, and in
mild and moderate stenosis will cause an abrupt opening movement of the leaflets. With
small adjustments in the probe with anteflexion, an assessment of the mitral orifice can
be made by planimetry. Accurate planimetry of the valve orifice depends on obtaining a
true short-axis of the leaflet tips, viewing the valve as enface as possible and locating the
smallest orifice area between the valve leaflets and subvalvular apparatus. Care must be
taken to image the valve at the level of the tips of the mitral valve leaflets, and not at the
base of the mitral valve funnel; to avoid overestimation of the valve area. Ignoring
significant narrowing of the subvalvular area will result in underestimation of the valve
area. In heavily calcified valves, again adjustment of the echocardiographic equipment
must be set appropriately to avoid blooming of the thickened leaflets and overestimation
of the degree of stenosis, with measurements made from the inside edge of the valve
leaflets. Stoddard and colleagues* have shown an excellent correlation betwen mitral
valve areas obtained by planimetry from both the transesophageal and transthoracic
echocardiographic approach. Mitral valvotomy or commissurotomy usually produces
distortion of the mitral orifice, which may make it difficult to measure accurately the
orifice area by planimetry, and is less accurate than other techniques. After valvotomy the
valve shows expansion in the orifice dimension along its horizontal axis from
commissure to commissure, usually without an obvious change in leaflet opening. In any
event, the hallmark of mitral stenosis after valvotomy is that the commissures freely
move and are not fused, without significant change in the remainder of the valvular
apparatus. Reports have varied about the accuracy of planimetry measurements in mitral
stenosis,* but in our experience valves can easily and accurately be categorized as mild,
moderate, and severe with the transesophageal echocardiographic probes currently
available.

With further withdrawal of the probe to the lower and mid-esophageal positions, and
with the scope in the neutral or slightly anteflexed position, the mitral valve is imaged in
profile in the four-chamber horizontal view at 0°. Thickening and diastolic doming of the
anterior and posterior leaflets is readily apparent. Frequently, the subvalvular apparatus
will not be visible due to acoustic shadowing from the thickened and calcified leaflets. In
mild cases of mitral stenosis, only the distal leaflet tips will appear thickened and appear
immobile, sparing the body of the leaflets presenting visually as the “hockey stick or
bent-knee deformity” showing diastolic doming. As the disease progresses, the body of
the leaflets thickens and becomes visibly less mobile, until the diastolic doming
disappears and the valve leaflets show either minimal excursion or appear immobile from
diastole to systole. Rotating the transducer from 0° to 135° may adequately assess the
anterior and posterior leaflets, along with the commissures.

With the transesophageal echocardiographic probe in the upper esophageal position
and continued slight anteflexion at 0°, the basal short-axis plane of the heart visualizes
the left atrium, atrial septum, and the left atrial appendage. The left atrium enlarges
sequentially with worsening degrees of stenosis, often reaching 6—7 cm in severe mitral
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stenosis. Frequently, spontaneous contrast*™" or “echo smoke” is visualized in the left

atrium and left atrial appendage, characterized by an echocardiographic appearance of
swirling and sludging of slowly moving blood cells secondary to rouleaux formation. The
left atrium should be carefully inspected for the presence of thrombus. The most frequent
site of thrombus™ is the left atrial appendage, followed by the superior aspect (roof) of
the left atrium, the area around the pulmonary vein orifices, and the secundum atrial
septum. The left atrium must be fully examined by scanning from 0° to 90° and moving
the probe from a somewhat neutral position to full anteflexion, in the upper esophageal
position.

It may be helpful to examine the left atrium in stages, starting with the left atrial
appendage. The left atrial appendage at 0° has a narrow orifice and projects
longitudinally in a twisting, tapering fashion, frequently out of plane. It is necessary to
rotate the transducer slowly to 90° to image the full extent of the appendage. When there
are prominent pectinate muscles, the appendage may appear cystic and it may be difficult
to distinguish the pectinate muscles from thrombi. In this circumstance, it may be helpful
to use the zoom feature with or without color Doppler, to observe blood flow in the area
in question. Color flow Doppler usually surrounds and enhances a thrombus. It is also
occasionally helpful to place the M-mode cursor through the area in question to look for
chaotic motion, as seen with some thrombi. With slow withdrawal of the transesophageal
echocardiographic probe and rotation of the transducer from 0° to 90°, the body of the
left atrium is visible with the areas around the pulmonary veins, atrial septum and
foramen ovale, followed by visualization of the roof of the atrium around the level of the
aorta and pulmonary artery.

Thrombi vary in size and may appear either well laminated to the atrial wall or freely
mobile. It is not uncommon to visualize spontaneous contrast associated with the
thrombi, especially in the presence of atrial fibrillation. It is therefore extremely
important to carefully observe areas near spontaneous contrast to fully exclude the
presence of thrombi.

To complete the examination in mitral stenosis, pulmonary venous flows® are
evaluated, especially when there is significant mitral insufficiency, the right heart is
assessed for chamber enlargement and right ventricular function, and tricuspid and
pulmonic flows are assessed to estimate pulmonary artery pressures and to rule out
pulmonary hypertension.

Doppler evaluation of mitral stenosis

Accurate estimates of the transmitral gradient and mitral valve orifice area may be made
with conventional and color Doppler in the four-chamber esophageal views, using the
same techniques as those of transthoracic echocardiography.*=* High pulsed repetition
frequency or continuous wave Doppler can be used to measure the transmitral gradient.
The mitral inflow jet can be easily interrogated and positioned directly parallel to the
transducer imaging plane, with the aid of color Doppler and minor adjustments of the
transesophageal echocardiographic transducer. The characteristic Doppler features of
mitral stenosis are increased peak velocity, reduced rate of decrease in velocity with time,
and, in patients in sinus rhythm, augmentation of the velocity signal due to atrial
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contraction. The increased transmitral blood flow velocity profile and its slow decline
indicate a pressure gradient across the valve continuing throughout diastole. The pressure
gradients across the mitral valve at any time are estimated with the modified Bernoulli
equation (P, — P, = 4[Vimax]?). Peak and mean transvalvular gradients obtained with the
modified Bernoulli formula correlate closely with those calculated at cardiac
catheterization using the Gorlin formula, and can be measured online with most of the
echocardiographic equipment currently available.*® Although pressure gradients provide
an indication of the presence of obstruction, they are dependent upon the transvalvular
volumetric flow and driving pressures through the orifice, which are dictated by the
patient’s hemodynamic status, therefore they may not accurately reflect the severity of
obstruction.*®

The mitral valve orifice area can be measured with Doppler by estimating the
transmitral pressure half-time during diastole.*® In mitral stenosis, the measured
transmitral gradient is maximal near the onset of diastole and declines in a linear fashion.
The expression of the correlation of time with the falling pressure can be expressed as the
time required for the initial maximum gradient to fall by 50%. The more severe the
degree of obstruction of the mitral orifice, the longer the time of pressure fall off. The
mitral pressure half-time (t;») can be calculated from the velocity signal as the time
interval over which the velocity falls from its maximum to minimum value divided by the
square root of 2. The normal pressure halftime is less than 100 msec. Since the
transmitral pressure gradient and blood flow velocity are related by a square power
function, mitral valve orifice area is calculated as MVA = 220/pressure half-time.> Mild
mitral stenosis has a pressure half-time of 160 msec or less with a valve area greater than
2 cm?, and in severe mitral stenosis the pressure half-time is greater than 220 msec with a
valve area less than 1 cm?. There has been concern that the angle of incidence produced
by the Doppler interrogation of the mitral valve inflow with transesophageal
echocardiography might negatively influence the mitral valve area and maximal gradient.
Stoddard and colleagues® have shown that Doppler transesophageal echocardiography
compares favorably to the transthoracic approach.

Atrioventricular compliance®”*® and other hemodynamic variables® that influence the
transmitral gradient may cause inaccurate measurement of the mitral valve area by the
pressure half-time method. The pressure halftime method for calculating the mitral valve
area results in significant overestimation of the true valve area in situations such as aortic
regurgitation,®®®* mitral regurgitation,®*** exercise,”® pregnancy, decreased diastolic
performance of the left ventricle, and immediately after balloon valvuloplasty.”

Mitral valve area may also be calculated using the law of continuity.®® The continuity
principle states that volume flow per unit of time through a stenosis is equal to the
volume flow either proximal or distal to the stenosis, provided the cardiac output remains
constant during both measurements. VVolume flow is assessed as the product of the flow
velocity integral (FVI) and the cross-sectional area (CSA) of the flow stream. FVI; x
CSA; (normal zone) = FVI, x CSA, (stenotic zone). In patients with mitral stenosis, the
normal zone blood flow velocity and vessel diameter is measured either in the proximal
aorta or the proximal pulmonary artery. The blood flow velocity integral across the
stenotic mitral valve is obtained with continuous wave Doppler, and the cross-sectional
area of the stenosis is calculated. Mitral valve areas calculated from Doppler
measurements using the continuity equation correlate closely with those areas calculated
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during cardiac catheterization, irrespective of varying hemodynamic conditions or in
conditions (as described above) that may affect the pressure half-time. In cases of aortic
insufficiency, the normal zone volume flow measurements should be made in the
pulmonary artery instead of the aorta to avoid overestimation of the mitral valve area. In
patients with significant mitral regurgitation, the increased velocity related to the
regurgitant volume tends to underestimate the mitral valve area, limiting the use of the
continuity equation in cases of mixed mitral stenosis and regurgitation.

Color Doppler provides other methods for estimating mitral stenosis. It identifies flow
convergence surrounding the opening of the mitral orifice on the atrial side, and a
characteristic “flame” jet of increased velocity and disturbed forward flow through the
stenotic mitral orifice in diastole. The mitral valve orifice may be measured by color
Doppler mapping of the proximal isovelocity surface area (PISA) combined with the
continuous wave Doppler interrogation of the flow jet through the mitral inflow.***° As
flow enters a narrowed orifice from a larger chamber, the convergence of flow is depicted
by color flow Doppler as a series of radial, uniform layers or isovelocity surface areas
proximal to the stenosis. By identifying PISA and quantifying the volume flow rate, the
stenotic area can be calculated using the continuity equation. Initial studies have
identified these isovelocity layers as hemispheric, and allow the calculation of flow by
the product of the surface area and its aliasing velocity.

The flow convergence region proximal to the stenotic mitral orifice during diastole is
easily recorded in the lower esophageal position with the transducer at 0°-90°, to give the
best representation of the anterior and posterior leaflets as they form a funnel opening.
Flow is recorded at a low aliasing velocity (V,) by adjusting the color flow baseline to
obtain the largest isovelocity from the area, and the radius (r) at peak diastole is
measured. Flow rate is corrected by adjusting for the inflow angle formed by the mitral
valve leaflets (measured angle o divided by 180°). The peak flow velocity through the
mitral valve is recorded with continuous wave Doppler (Vyea). Mitral valve area is then
calculated as: MVA = 2zr* x a/180° X Vo/V pesk.

The width of the mitral valve orifice can be measured with biplane or multiplane
transesophageal echocardiography in two orthogonal planes, with color Doppler
visualization of the flow jet through the mitral inflow. The minor axis of the flow jet can
be measured at 0° in the four-chamber view, and the major axis of the flow jet can be
measured at 90° in the two-chamber view. The mitral valve area (MVA) can be measured
simply by calculating the shape of the mitral valve orifice as an ellipse, using the major
(M1) and minor axis (M2) of the flow jet: MVA = n x (M1)/2 x (M2)/2. Chen and
colleagues™ reported in patients with mitral stenosis that there was a very strong
correlation between the transesophageal echocardiographic mitral valve area and those
derived by the Gorlin formula using cardiac catheterization data (r = 0.94; standard error
of estimate = 0.13 cm?).

Percutaneous balloon mitral valvuloplasty
Although mitral stenosis is wusually adequately defined by transthoracic

echocardiography, transesophageal echocardiography is usually necessary for patients
undergoing percutaneous mitral valvotomy.”*®’ Transesophageal
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Table 2.1 Echocardiographic grading of valvular
characteristics in mitral stenosis

Grade Mobility Subvalvular thickening Leaflet thickening Calcification

1 Highly mobile Minimal thickening just ~ Leaflets near normal A single area of
valve with only below the mitral leaflets  in thickness (4-5 increased echo
leaflet tips mm) brightness
restricted

2 Leaflet mid and Thickening of chordal Mid-leaflets normal, Scattered areas of
base portions have structures extending up to considerable brightness confined
normal mobility  one third of the chordal thickening of to leaflet margins

length margins (5-8 mm)

3 Valve continues to Thickening extending to ~ Thickening Brightness extending
move forward in  the distal third of the extending through  into the mid-portion
diastole, mainly  chords the entire leaflet (5-8 of the leaflets
from the base mm)

4 No or minimal Extensive thickening and Considerable Extensive brightness
forward movement shortening of all chordal  thickening of all throughout much of
of the leaflets in  structures extending down leaflet tissue (>8-10 the leaflet tissue
diastole to the papillary muscles ~ mm)

From Wilkins GT, et al. Percutaneous balloon dilatation of the mitral valve: analysis of
echocardiographic variables related to outcome and the mechanism of dilatation. Br Heart J
1988;60:299.

echocardiography may be helpful to identify an occasional case of congenital mitral
stenosis that has emerged in adulthood and might not be ideal for valvuloplasty.
Transesophageal echocardiography is extremely helpful in ruling out left atrial thrombi,
which are the main contraindication to balloon valvuloplasty.?® Atrial thrombi are not
routinely visualized by transthoracic echocardiographic imaging. These thrombi may be
dislodged during the manipulation of the catheter hardware during the procedure, and are
a source of cerebral or systemic embolization and untoward complications.”

Transesophageal echocardiography is also necessary to adequately evaluate mitral
insufficiency that may not be fully appreciated on transthoracic imaging.®*** Moderate to
severe mitral regurgitation is considered a contraindication since this can be made worse
with balloon dilatation. As a rule of thumb, mitral regurgitation increases by at least 1° of
severity with balloon dilatation. Due to acoustic shadowing that is usually present on
transthoracic imaging by a calcified mitral valve or the eccentricity of a regurgitant jet,
mitral regurgitation can easily be overlooked. Mitral regurgitant jets may be difficult to
detect, by transthoracic echocardiography especially in cases of previous
commissurotomy.

Although transesophageal echocardiographic imaging is well suited to describe these
contraindications, transthoracic echocardiography is adequate for most patients in
determining the echocardiographic score index for mitral stenosis. In a few patients with
poor transthoracic windows, transesophageal echocardiography may be helpful in
predicting the anticipated success of the balloon valvuloplasty by accurately defining the
extent of the stenotic pathology.**® Wilkins and colleagues”™ have described an
echocardiographic scoring system in an attempt to predict which patients would benefit
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from this procedure (table 2.1). The score index grades stenotic pathology on a scale of
0-4, higher scores representing more abnormal structures. Valve mobility, thickness,
calcification, and subvalvular thickening are all graded echocardiographically and added
together for a score index between 1 and 16. Patients with a score of 8 or less have a
greater than 90% likelihood of a satisfactory result with balloon dilatation. The predictors
that correlate best with mitral valve splitability or subsequent area improvement are the
severity of leaflet thickness, pliability, and degree of valve calcification. Cannan and
colleagues® have shown that the echocardiographic assessment of commissural calcium
is a simple predictor of outcome after percutaneous mitral valvotomy. If there is calcium
detected in either one of the medial or lateral commissures, survival, the incidence is
repeat balloon valvotomy, or mitral valve replacement was significantly different
between patients without commissural calcium. That study also showed by Cox
regression that commissural calcium together with the mitral echo score was the only
significant variable for predicting outcome. Although the individual decision to proceed
to valvotomy must be based on clinical considerations, the echocardiographic
characteristics of the mitral apparatus may be a useful guide for deciding further
treatment.

Transesophageal echocardiographic imaging may be used during the balloon
valvuloplasty procedure for the positioning of catheters, puncturing the atrial septum,
determining balloon sizing, and evaluating the worsening of any regurgitation after the
procedure. In  many interventional cardiac laboratories, transesophageal
echocardiography is done routinely during the procedure in conjunction with
fluoroscopy. It is also possible to undertake balloon valvuloplasty with transesophageal
echocardiography alone, especially for laboratories familiar with the procedure.®

Transesophageal echocardiography is surprisingly well tolerated by patients during
balloon valvuloplasty. In most laboratories, intravenous sedation is given during the
procedure, which also allows the patient to tolerate the transesophageal
echocardiographic procedure. The transesophageal echocardiographic probe should be
left in place only for as long as necessary to allow visualization of the procedure. It is
helpful to support the scope in the mouth, not allowing the scope to slacken or move
frequently, which prevents gagging and minimizes aspiration. A clear advantage of
multiplane transesophageal echocardiographic imaging is that it allows for less probe
manipulation, which may be tolerated better by the patient. It is also important to monitor
the patient’s airway, making sure it is clear at all times, suctioning frequently, and that
oral and topical anesthesia does not wear off during an occasionally long procedure. The
transesophageal echocardiographic procedure allows a physician to be at the head of the
table, much like an anesthesiologist during surgery, which is often appreciated by the
patient.

To aid in puncturing and crossing the atrial septum with the catheter hardware, the
foramen ovale area is visualized in the lower esophageal position between 0° and 45° or
the mid-esophageal position at 90°-130°. In both views, a large portion of the bodies of
both the left and right atrium are visualized with the foramen ovale area positioned in the
middle of the echocardiographic display. Using this approach, the atrial septum is nearly
perpendicular to the imaging plane and allows the visualization of typical catheter artifact
as the hardware is introduced into the appropriate position. With minor angulations, the
orifice of the inferior vena cava, superior vena cava, tricuspid valve, or coronary sinus
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should be easily visualized to allow proper direction of the catheter in the appropriate
position.

To visualize the catheter and the balloon as it crosses the mitral valve, standard four or
two chamber views concentrating on imaging the left atrium and ventricle are obtained
from the mid- to lower esophageal positions. The catheter hardware is readily identified
by transesophageal echocardiography in both the left atrium and left ventricle. The size of
the mitral annulus may be estimated by measuring diameter or the length of the annulus
between the posterior wall of the aortic root and the junction of the left atrium and
ventricle. Imaging during the seating of the balloon with inflation gives confidence
during the procedure that the balloon is in the best position. Success is shown by
increased leaflet motion after balloon deflation. Doppler interrogation of the mitral inflow
is unrewarding in assessing valve orifice area, immediately following the procedure.

After balloon deflation, the mitral valve is carefully assessed for the development or
worsening of mitral regurgitation.®**® With balloon dilatation, the valve should split and
open along both commissures, in a similar fashion to surgical commissurotomy. The
mitral valve area can be calculated from the measurement of the major and minor axis of
the flow jet through the mitral orifice in two orthogonal views, or by planimetry of the
mitral orifice in the short axis views.

Mitral regurgitation is readily apparent by color Doppler after the procedure, and a
structural defect may be attributed to the cause of the regurgitation with the careful
interrogation of valve anatomy. Mitral regurgitation can be measured quickly by the
modified flow convergence or the vena contracta method, as long as significant distortion
of the valve orifice has not been produced during the procedure.

The pulmonary venous flow pattern may be assessed by pulsed Doppler methods.* In
mitral stenosis, the pulmonary venous systolic flow is decreased and the pulmonary
diastolic flow is prolonged. Immediately after mitral valvuloplasty there is an immediate
increase in pulmonary venous systolic forward flow in patients with sinus rhythm.

Echocardiographically, the procedure is successful if the mitral valve area is 1.5 cm?
or more and mitral regurgitation is 2+ or less. Lung and colleagues®™*®® reported that the
independent predictors of good functional results 5 years after mitral valvuloplasty were
the mitral echo score, functional class and cardiothoracic index before the procedure, and
the resultant valve area after balloon dilatation. Although most patients benefit from this
procedure, due to the inherent nature of the disease process alluded to by the
echocardiography score index, results in individual patients are variable. In selected
patients with pliable valves, non-calcified leaflets with minimal subvalvular involvement,
and little or no mitral regurgitation, the results of balloon valvotomy are similar to the
surgical commissurotomy approach.”® After the procedure, imaging of the atrial
septum and Doppler techniques may be used to determine the persistence and size of a
residual atrial septal defect, which usually disappears over time.’**% In our experience,
the information obtained during the balloon procedure with transesophageal
echocardiography may be used to interpret subsequent transthoracic echocardiograms
done in the follow-up period, as long as acceptable transthoracic images are obtained.®*
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Mitral regurgitation

Mitral regurgitation is a very complex disease and has been poorly understood in the past.
Unlike mitral stenosis, for which the cause is almost always rheumatic disease resulting
in predictable mitral valve lesions, there are many disease processes that may render a
mitral valve incompetent (table 2.2). With the eradication of rheumatic disease in most
parts of the world, degenerative valve disease, bacterial and non-bacterial endocarditis,
congenital heart disease, and diseases of the left ventricle including ischemia and
cardiomyopathy are increasingly implicated as the cause of mitral regurgitation. In
addition, each disease process may cause a variety of mitral lesions that can singly or in
combination adversely affect the structural integrity of the mitral valve apparatus. To
complicate the disease further, there are numerous theories and great debate over the
intricacies of the interactions between the valve leaflets and subvalvular apparatus. Mitral
regurgitation is common in cardiac patients on an acute or chronic basis. The natural
history of mitral insufficiency is highly variable, dependent upon the etiology and the rate
of progression of mitral lesions in an individual patient. Survival is largely dependent on
the rate of deterioration of left ventricular function and the development of other co-
morbid factors.®® Recently, Ling and colleagues™®%” have described the natural history
of mitral regurgitation due to flail mitral leaflets. Patients with flail mitral leaflets that are
managed medically have a 6.3% yearly mortality, and early surgical correction reduces
mortality by almost 70%.

Table 2.2 Etiology ofmitral regurgitation

N =520 %
Degenerative 63
Ischemic 14
Rheumatic 13
Endocarditis 6
Congenital

From Cosgrove DM, Stewart WJ. Mitral valvuloplasty. Curr Prob Cardiol
1989;14(7):353-416.

In the past mitral valve replacement was the only option for treating patients with
severe symptoms who failed medical therapy. Irrespective of the cause, mitral valve
replacement has not been the panacea for the treatment of mitral regurgitation, because of
high morbidity and mortality.!®® Despite the progress made in other open-heart
procedures, significant improvement in survival for patients with mitral regurgitation and
mitral valve replacement has not occurred. Valvular reconstructive techniques have been
developed to treat mitral regurgitation, stemming from the need to avoid anticoagulation
and the relatively high cost of mitral valve replacement.’®** Enthusiasm for mitral valve
repair has quickly grown because of a low operative risk, and excellent short-term and
long-term results, without the need for anticoagulation. With the introduction and success
of mitral valve reconstructive techniques, patients with severe mitral regurgitation are
now being considered as surgical candidates at a younger age, before they develop
symptoms and have irreversible cardiac dysfunction. It is not a coincidence that many of
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the strides made in better appreciating and treating mitral disease, particularly
regurgitation, have paralleled the development and improvements in echocardiographic
technology. As image resolution and Doppler techniques have improved, especially with
the introduction of transesophageal echocardiography, mitral valve anatomy and function
can be visualized in detail.

Mitral regurgitation can result from primary disease in any one of the component parts
of the mitral valve leaflets or subvalvular apparatus.’®® Rheumatic disease, bacterial
endocarditis, non-bacterial endocarditis  (lupus erythematosus), myxomatous
degeneration, fibroelastic deficiency, or trauma may damage the mitral leaflets, or
elongate or rupture the chordae tendineae. The papillary muscles may malfunction
transiently or permanently secondary to ischemia, infarction, or infiltrative disease. The
mitral valve annulus may dilate secondary to ventricular enlargement, or calcify
secondary to degenerative disease, preventing normal annular motion. Mitral
regurgitation may also result from the disruption of the valvular structures, which may
occur with increased muscle mass or hypertrophy commonly associated with increased
ventricular pressures during systole, such as in aortic stenosis and obstructive
hypertrophic cardiomyopathy. In dilated cardiomyopathy, mitral regurgitation may result
from changes in left ventricular cavity shape, with the ventricle becoming more spherical
than ellipsoid. Distorted ventricular geometry produces multiple abnormalities in mitral
architecture. The papillary muscles are displaced along the long axis of the heart so they
are further apart than normal. Since there is no change in chordae tendineae length, leaflet
motion is altered and the leaflets are unable to coapt normally.
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Figure 2.25 Mitral valve motion in
mitral regurgitation has been classified
by Carpentier and colleagues into three
groups. This is a useful method for
describing the abnormality responsible
for mitral regurgitation, often eluding
to the pathology, as well as in
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communicating mitral valve structural
abnormalities to the surgeon in the
operating room. Mitral valve motion is
described according to the predominate
abnormality noted since mitral
dysfunction is often caused by
coexisting abnormalities. (a) Type |
mitral regurgitation results from
annular dilatation. (b) Type Il mitral
regurgitation results from excessive
leaflet motion during closure
producing prolapse during diastole. (c)
Type 11 mitral regurgitation is
produced by restrictive motion of one
or both leaflets.

Transesophageal echocardiography has therefore enabled:

« Establish the presence of mitral regurgitation

« Determine the patho-etiology of mitral regurgitation

* Quantification of the severity of mitral regurgitation

* Determination of the severity of left ventricular dysfunction and pulmonary
hypertension

* Preoperative and postoperative evaluation of mitral valve surgery.

To provide a consistent and a logical framework for defining the pathology of mitral
regurgitation, it is helpful to describe mitral valve lesions with echocardiography on the
basis of a functional approach rather than specifically describing each particular
abnormality.

Classification of mitral regurgitation

Abnormal structural integrity of the mitral valve can be easily categorized according to
the classification described by Carpentier,'® defining the leaflet motion responsible for the
lack of leaflet approximation during systole. Mitral valve motion in mitral regurgitation
may be simply and logically described as: type I, normal valve mobility; type II,
increased leaflet mobility; and type Ill, restricted valve mobility (figure 2.25). In
conjunction with this classification, specifics of mitral anatomy can be defined
echocardiographically or visually at the time of surgery to elucidate further the cause of
mitral insufficiency (table 2.3). Adopting this classification of mitral regurgitation helps
establish effective communication between the echocardiographer and the surgeon,
helping to define the surgical methods necessary for a successful repair.
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Table 2.3 Carpentier’s functional classification of
mitral valve disease

Type Description

Type | Annular dilatation

Normal leaflet motion Leaflet perforation
Cleft leaflet

Type 1l Chordal rupture

Leaflet prolapse Chordal elongation

Papillary muscle rupture
Papillary muscle elongation

Type H11 Commissure fusion, leaflet (thickening)
Restricted leaflet motion Chordal fusion/thickening
RWMAJ/LV aneurysm

From Carpentier A. Cardiac valve surgery—the “French correction”. J Thorac Cardiovasc
Surg1983;86:323-37.

There have been many studies comparing the results of transesophageal
echocardiography, transthoracic echocardiography, and epicardial echocardiography with
surgical valve analysis that have used this functional classification of mitral valve
disease. The ESMIR group™° recently reported that the correct prediction of surgical
strategy in mitral regurgitation was 86% with transthoracic echocardiography, and 89%
with monoplane transesophageal echocardiography. These findings are similar to those
reported by Stewart and colleagues,*™* who accurately defined mitral regurgitation by
epicardial and transesophageal echocardiography. Two-dimensional imaging and Doppler
accurately diagnosed 93% of surgical patients with posterior leaflet prolapse or flail, 94%
of anterior leaflet prolapse or flail, 44% of bileaflet prolapse or flail, 75% of papillary
muscle elongation or rupture, 91% of restricted leaflet motion or rheumatic thickening,
72% of ventricular—annular dilation, and 62% of leaflet perforation or cleft.

Type |

In type | mitral regurgitation, the valve motion is normal, and most of the regurgitation is
produced by annular dilatation. Although the valve leaflets are normal they are not long
enough to adequately produce the required surface area for approximation of the rough
edges of both leaflets. Therefore regurgitation is produced from inadequate sealing of the
leaflets during systole. Other causes of type | mitral regurgitation include discrete leaflet
perforation and cleft mitral valve.

Annular dilatation usually occurs as a result of an enlarging left ventricle (ventriculo—
annular dilatation).”*?* Studies of the mitral annulus have shown it to be dynamic rather
than a fixed structure, normally changing its orifice shape and chamber dimensions
during systole and diastole. Most of the motion in the annulus occurs in its posterior
circumference situated in the atrioventricular groove. Histologically, the posterior aspect
of the annulus is composed of loose connective tissue, devoid of collagen, since the
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collagen fibers that project posteriorly from the trigones, taper and thin out before
reaching the entire circumference of the annulus. Therefore the posterior region is the
weakest and most vulnerable aspect when stretching under tension compared with the
remainder of the annulus. With excessive dilatation of the ventricle, the mitral annulus
enlarges or “gives” in the posterior aspect, allowing the annulus to assume a more
geometrically circular shape, rather than the normal D shape during systole. This
dilatation means that the anterior leaflet does not approximate to the posterior leaflet on
the basis of a fixed leaflet length. The chordae tendineae to the posterior leaflet may be
slightly elongated and assume a more oblique angle, rather than having their normal
parallel orientation, thus tethering the posterior leaflet and not allowing the necessary
motion for both leaflets to coapt properly. With transesophageal echocardiography, the
annulus appears enlarged with normal leaflet motion. The loss of surface area for
coaptation of the leaflets is readily appreciated in the lower esophageal position, when
imaging the mitral level from the four-chamber and two-chamber views obtained from 0°
to 135°. In addition to evaluating leaflet approximation with these views, a ratio of the
length of the annular ring diameter can be compared with the height of the anterior
leaflet, and annular dilatation exits with ratios less than 0.9. Imaging from the transgastric
position with the transducer at 0°, the mitral annulus has a D shape in normal patients and
a circular shape when dilated (figure 2.21). The posteromedial commissure is directly at
the top of the image sector, and the anterolateral commissure at the bottom of the screen.
The anterior leaflet appears to the left, next to the septum, and is geometically convex,
with the posterior leaflet appearing to the right and geometrically concave. The pattern of
leaflet opening and closing is readily distinguishable from normal when annular
dilatation occurs, when visualizing the valve enface by transesophageal echocardiography
in the horizontal transgastric view. Normally during systole, the line of leaflet
approximation or closure illustrates a “smile shape” which is distorted when dilatation
occurs. Opening is more circular in shape, as described above. The posterior position of
the line of closure should be easily appreciated relative to the center of the valve plane,
which shifts centrally with dilatation. Color flow Doppler imaging from the lower
esophageal position, in the horizontal or longitudinal views of the left heart, usually helps
to show a centrally projected regurgitant jet(s) into the left atrium, with annular
dilatation.

Papillary muscle dysfunction has been noted in patients with dilated and poorly
contracting left ventricles.**® Papillary-muscle abnormalities have also been described in
cardiomyopathic diseases involving the left ventricle. There is significant elongation and
thinning of papillary muscle in idiopathic dilated cardiomyopathy. Left ventricular
enlargement tends to alter the spatial relation between the papillary muscles rather than
affecting their motion. With significant dilatation, the papillary muscles are pulled further
into the left ventricular cavity, producing incompetence of the mitral valve by affecting
the apposition of the leaflets during systolic closure. In cases of cleft mitral valve or
leaflet perforation, mitral valve leaflet opening and closing are normal and the specific
defect may not be readily apparent. Cleft mitral valves are occasionally observed in the
adult as an isolated finding, not associated with atrioventricular canal defects.**"™?° The
clefts may be partial or complete, and when complete, may be confused with an
accessory leaflet or an anatomic tricuspid leaflet. Associated with the cleft deformity in
the leaflet are accessory chordae, which insert into the margins of the cleft and originate
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from the ventricular septum. The cleft is usually found in the anterior leaflet, and,
viewing the valve enface in short axis, appears as a line of opening perpendicular to the
usual line of leaflet closure during diastole. This finding may be confused with scalloping
of the leaflet. In transverse or longitudinal long axis views, the cleft in the leaflet can be
confused with the normal orifice opening during diastole or mild prolapse with billowing
during systole, if careful scanning is not performed. Another characteristic of a cleft
leaflet that distinguishes it from a prolapsed leaflet, is that there is minor leaflet
thickening in comparison to that which occurs in mitral valve prolapse from myxomatous
degeneration. While scanning between 0° and 135°, the cleft should be distinguishable
from the normal orifice by demonstrating both openings and by the fact that the cleft is
usually eccentric to the normal location of the orifice in respective views. Color Doppler
is usually very helpful in demonstrating systolic and diastolic turbulent high-velocity
flow through the cleft orifice, which is readily distinguishable from normal.

Leaflet perforations usually occur as a result of trauma (wrongly placed catheters) or
as a common consequence of bacterial endocarditis. The cause is usually apparent from
the patient’s clinical history and not readily distinguishable on echocardiography, unless
obvious vegetation is present. Leaflet perforations may occur on either leaflet, and may
or may not be involved with the line of leaflet closure. Leaflet perforations are visualized
echocardiographically in long-axis views as small areas of leaflet prolapse, or with color
Doppler as high velocity jets in non-suspect areas of the mitral valve plane with no
obvious defect.

Type Il

Type Il motion is shown by leaflet prolapse and is present when the free edge of either
leaflet overrides the annular plane and orifice during systole, resulting in lack of
coaptation of the leaflets."***"**" This is in direct comparison with billowing or floppy
mitral leaflets, in which excessive leaflet tissue protrudes or prolapses beyond the annular
plane into the left atrium, with the point of leaflet coaptation is below the plane of
annulus (figure 2.26). It is not unusual, however, to observe billowing valve leaflets
associated with prolapse, causing lack of apposition of the leaflets. This type of valve
motion is frequently produced by degeneration of the valve structures from chronic
rheumatic disease or, with myxomatous degeneration, fibroelastic deficiency, or a
combination of the above. The hallmark of degenerative valve disease is excessive leaflet
tissue, shown echocardiographically by altered leaflet thickening and increased length,
resulting in redundant leaflet motion.'?® With the progression of degenerative disease,
isolated annular dilatation'® without ventricular enlargement can result, and with
subsequent mitral annular calcification. Type Il motion may also be caused by isolated
chordal or papillary muscle elongation and/or rupture.*?®*%
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Figure 2.26 Diagram demonstrating
mitral valve motion with prolapse.
Mitral valve prolapse is produced
when the mitral valve apparatus allows
for excessive leaflet motion during
diastole promoting the lack of leaflet
coaption during closure. Billowing of
the leaflet due to excessive tissue
produces protrusion of the body of the
leaflet, into the left atrium during
diastole without affecting leaflet
closure. Mitral valve prolapse of
myxomatous origin often produces
prolapse and billowing of the mitral
apparatus. It is important to distinguish
true prolapse from billowing in the
diagnosis of mitral regurgitation,
especially when defining valvular
abnormalities prior to mitral valve
repair.

Mitral valve prolapse is now a well-recognized cause of mitral regurgitation, largely
due to improvements in echocardiography. In the early history of mitral valve prolapse,
diagnosis was difficult because of the poorer imaging resolution of earlier
echocardiographic equipment. With transthoracic echocardiography, the mitral valve
depth is usually out of the range for good visualization of the leaflets. Pronounced
billowing of the leaflets is commonly misdiagnosed as prolapse with transthoracic

imaging, even under multiple views. Only in the patient with excellent images can one be
sure which leaflet is prolapsing. Coexisting abnormalities, such as elongated chordae and
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ruptured small chords, can be very difficult to see if examination is not thorough and
meticulous. A definitive diagnosis can usually be made with transesophageal
echocardiographic imaging from the esophagus under higher imaging frequencies. It is
paramount, however, even with transesophageal echocardiographic imaging, that a
systematic approach be followed in analyzing the full mitral valve unit in patients with
prolapse, to follow the progression of disease, or to give the cardiac surgeon the
necessary information for a successful repair when the disease has reached that stage.

The transgastric and deep transgastric views are ideal to assess the subvalvular
apparatus in mitral valve prolapse and to establish continuity for the papillary muscles,
chordae tendineae, and valve leaflets (figure 2.21). The papillary muscles and chordae
tendineae should be scanned from 0° to 135° in both views to identify focal areas of
echogenicity, indicating fibrosis or calcific lesions, representing friction-type lesions
when either are elongated, redundant, or displaced. Areas with high frequency or
vibratory movement in the chords or papillary muscles during the cardiac cycle suggest
rupture of the supporting apparatus. In the deep transgastric views, sweeping from 0° to
45°, the papillary muscles are imaged obliquely, but the chordal apparatus are well
visualized. Elongation and redundancy of the chords may be noted by comparing chordal
length among the chordal groups—in many cases significant bowing of the chords can be
seen during the cardiac cycle.

The four-chamber and two-chamber left ventricle views from the lower and mid-
esophageal position from 0° to 110° enable the best evaluation of the valve leaflets. The
leaflets are easily identified as anterior and posterior, in relation to both commissures. In
the four-chamber view slowly withdrawing the scope, the posterior commissural area is
shown from the lower esophageal position; the mid-portion of the leaflets is seen in the
mid-esophagus and the anterior commissural area in the upper esophageal position.
Rotating the transducer from 0° to 90° images both leaflets in relation to each other, or in
full-length individual cuts of each particular leaflet. The mitral annular plane should be
constructed mentally, and leaflet motion should be labeled as excessive, normal, or
restricted for each segment of the anterior and posterior leaflets in relation to the
ventricular side of the annulus. By contrast with transthoracic echocardiography,
billowing or prolapse of the leaflet margins are distinguishable from the many views
obtained with multiplane transesophageal echocardiography. At about 45° to 90°, the
mitral leaflets are imaged parallel to the line of closure. Either leaflet will appear as a
continuous echocardiographic line traversing the annular plane. With subtle medial or
lateral rotation of the probe, either the anterior or posterior leaflet will be visualized. The
posterior leaflet will be essentially linear with minor bulging illustrating the three
scallops. The anterior leaflet will appear more curvilinear in the center of the valve plane,
with the lateral and medial scallops of the posterior leaflet on either side of the anterior
leaflet—especially apparent when the leaflets are open during diastole. In this view,
prolapse or flail of the opposite leaflet will usually appear as a smaller, free linear or
curvilinear echo, superior to the annulus and the other leaflet on the atrial side. Flail
segments are easily noted and are represented by the leaflet overriding the other leaflet in
the frontal planes, generally with short segments of the ruptured chord attached, showing
either high-frequency movement or actual prolapse back and forth between the atrial and
ventricular cavities during the cardiac cycle. Leaflet thickness*** may also be assessed in
this view. In degenerative mitral-valve prolapse the leaflets may thicken in diastole when
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they are slack and unstressed as the result of leaflet redundancy, overlap, prominent
interchordal hooding, and the presence of excessive tissue. In systole, when the leaflets
are under tension from ventricular forces, the leaflets appear thinner. Leaflet thickness
can be assessed by measuring the percentage change in leaflet width from diastole to
systole, which is normally 22—-34%. In patients with mitral valve prolapse, the percentage
change in leaflet thickness from diastole to systole averages 54-62%.

With all of these views, the direction of the regurgitant jet(s) is illustrated using color
Doppler. The long-axis planes are ideal for determining which leaflet is involved,
although the short axis planes are better for determining the specific segment of the
abnormal leaflet.*! The general direction and origin of the regurgitant jet should be noted
as posteriorly, anteriorly, or centrally, and if there is one or more jets. Careful scanning
prevents the improper labeling of the jet as multiple when tangentially cut out of plane. In
large jets that fill the left atrium, it may be necessary to decrease the color and image gain
so as to identify properly the origin of the jet. The origin of the jet should be described as
towards one or the other commissure, or having a central location along the line of leaflet
coaptation during closure or emanating from outside of this plane. Color Doppler flow
mapping may also be helpful to define prolapsing leaflet tissue, showing an eccentric
regurgitant flow jet, in the opposite direction of the leaflet that is prolapsing.’® With
degenerative prolapse of the anterior leaflet, the regurgitant jet is directed posteriorly, and
with posterior leaflet prolapse the regurgitant jet is directed anteriorly. By contrast,
rheumatic prolapse results in the predominant fibrosis of one leaflet, the normal leaflet
protrudes above the abnormal one, and the regurgitant jet is directed toward it. When
there is bileaflet rheumatic or degenerative disease involvement producing prolapse of
both leaflets, the jet is directed centrally into the left atrium, or is slightly eccentric if one
leaflet prolapses more than the other one. There may be many jets, showing that there are
multiple discrete areas that do not approximate properly. It is important to identify the
presence of multiple jets in more than one view.

Echocardiographically, it is also possible to derive the pathological cause of prolapse
by noting mitral lesion patterns common to specific disease states. In rheumatic prolapse,
the predominant lesion in most cases is isolated prolapse of the anterior leaflet secondary
to elongated or ruptured chordae tendineae or papillary muscles. Both leaflets may be
slightly thickened or retracted with shortening and fusion of the chords, and only a few
show annular dilatation.”***%® Myxomatous degeneration is characterized by excessive
tissue of all the scallops of theposterior leaflet.****® When there is associated anterior
leaflet prolapse, it is most prominent in the posteromedial half of the leaflet (A2, A3).
Myxomatous degeneration is frequently observed in younger patients, and as the disease
progresses both leaflets appear thickened, with extensive hooding of the rough zone.
Chordae to both leaflets elongate and appear thickened and redundant. Excessive tissue
of the posterior leaflet tends to push the anterior leaflet and line of closure forward, which
in small ventricles narrows the aorto-mitral angle, to produce systolic anterior motion
(SAM) of the valve leaflets and chordal apparatus. Patients with fibroelastic deficiency
and prolapse have thinner leaflets, lack of billowing. Prolapse is usually limited to the
central scallop (P2) of the posterior leaflet with some degree of annular dilatation. The
chordae appear thinner but redundant, with or without minor ruptures, and the left
ventricle is commonly hypertrophic. Prolapse of ischemic origin usually results in
thickening and increased echogenicity of the chordae tendineae and papillary muscles.
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Normal appearing leaflets are associated occasionally, with ruptured chordae near the
leaflet edge insertion points.

Papillary muscle rupture, either partial or complete, is an uncommon complication of
acute myocardial infarction, and is associated with high mortality."** There is a
significant increase in the incidence of posteromedial papillary muscle rupture compared
with anterolateral muscle rupture in myocardial infarction. Rupture may occur near the
head of the papillary muscle partially involving the chordal attachments. Rupture of the
whole muscle results in complete detachment of the papillary muscle from the ventricular
myocardium, producing a flail mitral leaflet. Regional wall motion abnormalities are
usually detected in the myocardium subjacent to the papillary muscle, and are
hypokinetic, rather than akinetic or dyskinetic as might be expected. Transthoracic
echocardiography imaging is usually adequate for the diagnosis of papillary muscle
rupture, but transesophageal echocardiography may be required in patients with poor
acoustic windows, in cases of partial rupture, or when the ruptured papillary muscle head
does not prolapse into the left atrium. Transesophageal echocardiography is also useful to
diagnose papillary muscle hemorrhage®*®**’ in acute mitral regurgitation by observing a
markedly irregular echolucency in a papillary muscle, with ventricular systolic thinning
of the myocardium, preventing the lack of coaptation of the mitral leaflets.

Transesophageal echocardiography illustrates the anatomical abnormalities of
papillary muscle rupture with more certainty than transthoracic echocardiography, but
both techniques adequately define abnormal regional wall motion involvement, and the
use of Doppler with either technique defines the severity of the resultant mitral
regurgitation. Moursi and colleagues**® have shown that with biplane or multiplane
transesophageal echocardiography an accurate diagnosis of ruptured papillary muscle can
be made with certainty. In 90% of their patients, the ruptured papillary muscle head
showed relatively large-amplitude erratic motion in the left ventricular cavity even when
the ruptured muscle did not prolapse into the left atrium. In 70% of the patients the
residual papillary muscle still attached to the ventricular wall also showed a prominent
but less erratic motion than the free papillary muscle head portion. From these findings,
transesophageal echocardiography reliably detected all patients with papillary muscle
rupture in a retrospective analysis. When there is partial rupture of the papillary muscle,
the involved leaflet still appears flail, but the muscle does not prolapse into the left
atrium. Careful inspection of the papillary muscle in multiple planes usually shows
partial attachment of the papillary muscle to the ventricular myocardium. Prominent
mitral leaflet prolapse occurs in all patients with papillary muscle rupture. Even though
each leaflet receive support from both papillary muscles, one leaflet is usually observed
to prolapse more than the other. When the pulmonary veins are interrogated with
Doppler, systolic flow reversal is recorded. With color Doppler, the mitral regurgitant jet
usually fills the entire atrium.

Type I

Type Il motion is shown by restricted leaflet motion in which a leaflet does not open
normally during diastole. Echocardiographically, it appears that only one leaflet is
moving and the other leaflet is fixed in a diastolic position, producing lack of coaptation
(figure 2.21). This type of leaflet motion may result from commissure fusion or
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thickening, from chordal fusion or thickening, or, more commonly, from left ventricular
infarction with or without aneurysm formation. As with type Il motion, annular dilatation
may be present as well, since one leaflet may be restricted and the other leaflet
prolapsing.

Even though mitral regurgitation has been readily attributed to ischemic papillary
muscle dysfunction, the functional consequence of mitral regurgitation secondary to
isolated ischemic papillary muscle dysfunction is unclear.*****® Regional wall motion
abnormalities of the left ventricle are frequently observed in cases of papillary muscle
dysfunction. It has been suggested that papillary muscle motion or function should be
assessed together with the motion of the left ventricular wall subjacent to the particular
papillary muscle. In patients with prior myocardial infarctions® a reduction in percentage
of papillary muscle fractional shortening to 15 + 14% was observed, compared with
normal patients (30 + 8%). In patients with posterior myocardial infarction, the
posteromedial papillary muscle motion was reduced, and appeared more echodense than
the anterolateral muscle. Mintz and colleagues™* reported that the posterior leaflet was
retracted, rigid, and non-mobile in patients with a prior infarct and severe mitral
regurgitation. The severity of associated mitral regurgitation is related to degree of
contractility and dilation of the left ventricle. Significant mitral regurgitation is rare with
normal left ventricular systolic function. Kaul and colleagues™ showed that ischemic
mitral regurgitation is not related to acute papillary muscle dysfunction or to regional
wall motion abnormality produced experimentally in the laboratory, but rather to global
left ventricular dysfunction. The prevalence of severe mitral regurgitation is greater when
there is both anterior and posterior papillary muscle dysfunction.

Coexistent with all three types of valve motion may be sporadic or diffuse mitral
annular calcification (MAC)." MAC occurs in degenerative disease irrespective of
annular dilatation. MAC probably represents the breakdown and degeneration of the
annulus, followed by calcification, especially in the posterior segment composed of loose
connective tissue. Sporadic or extensive annular calcification may occur, may distort the
orifice, and can influence results unfavourably.

Quantification of mitral regurgitation

It has become increasingly important and it is certainly a challenge to accurately define
the severity of mitral regurgitation. Even though there are methods to describe the
quantity of mitral insufficiency, none is totally acceptable. The difficulty in evaluating
mitral regurgitation stems mostly from its variable presentations attributable to different
mitral lesions; the inability to detect accurately and assign a meaningful value to the true
quantity of regurgitant flow, and the inability to define precisely the hemodynamic
significance imposed by regurgitation in individual patients with different disease states.
Echocardiography provides an easy, accurate, and non-invasive method to identify and
serially quantify mitral regurgitation. Either method, transthoracic or transesophageal,
may be used to quantify mitral regurgitation, since the same technical and physiological
factors limit both echocardiographic and Doppler techniques (table 2.4). In individual
patients, however, transesophageal echocardiography may provide additional information
via better imaging from the esophageal window. Due to the excellent quality of the
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images obtained of the valve apparatus and the color flow jets with transesophageal
echocardiography, an experienced echocardiographer may be able to provide much more
accurate information just through intuition than can be obtained from other more
sophisticated methods. The information obtained from transesophageal echocardiography
may aid in the recognition and interpretation of subsequent transthoracic studies.

Patients often develop severe mitral regurgitation and left ventricular dysfunction
before the onset of symptoms, highlighting the importance of accurately assessing the
degree of regurgitation by an accurate and reproducible method. Currently, we can at best
semiquantify the hemodynamic significance of mitral regurgitation, which has serious
implications for patients with mitral regurgitation. In patients with suspected mitral
regurgitation, echocardiography is primarily used to identify regurgitant jets by color
flow or conventional Doppler techniques (table 2.4). Once mitral regurgitation is
documented, severity is estimated by correlating the total quantity of regurgitant flow to
an assessment of ventricular performance and reserve (table 2.5). In this way, patients
with mitral regurgitation can be successfully managed with surgery, which presently
offers the best outcome for patient management.

Table 2.4 Echocardiographic quantification of
mitral regurgitation

Sellers grade

Mild 1+ Moderate 2+ Mod/Sev 3+ Severe 4+
Max regurg jet 1.5-4 cm? 4-7 cm? (100,95) > 7 cm? (83,100)
area’™ (82,95)
Mosaic jet'"2 <3cm? > 6 cm? (91,100,98)
(96,100,98)
Jet area/left atrial area < 20% > 35%
ratio™® (96,91,94) (64,93,85)
Pulmonary venous ~ Normal Blunted systolic Systolic flow
flow'®° flow (61,97) reversal (93,100)
PISA (ROA)TEW®) < 0.1 cm? 0.3-49cm?  >0.5cm?
(Vegla contracta™™  26+1.0mm  42+12mm 6.3+12mm 8.6+22mm
183
ROA > 5.5 cm? (92,92,88)
RSV > 60 cc (88,93,94)
(\{s%?a contracta™"t > 6 mm (95,98,95)
RSV > 80 cc (86,95,92)

ROA = regurgitant orifice area; RSV = regurgitant stroke volume; PISA = proximal isovelocity
surface area; mono = monoplane transesophageal echocardiography; multi = multiplane
transesophageal echocardiography; TTE = transthoracic echocardiography; numbers in parentheses
(sensitivity, specificity, positive predictive value).

In valvular stenosis, it is widely accepted that the reduction of valve opening or the
size of the hole as described by the stenotic orifice area determines the severity of valve
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disease. The stenotic orifice area is conceptually easier to understand and accepted by
clinicians, since it may be directly measured or calculated. Unlike stenotic valve disease,
the effective regurgitant orifice, or the hole in the valve produced by valve lesions,
especially atrioventricular valves, is difficult to conceptualize since it is not readily
appreciated by any method. In mitral regurgitation, the hole produced during systole by
the lack of approximation during closure of the valve leaflets can be better appreciated,
especially when using the functional classification. It is easy to deduce—the larger the
regurgitant hole, the greater the regurgitant volume. Recently, echocardiographic and
Doppler methods have been developed to measure and calculate the regurgitant orifice
area. In addition to these methods, the better image resolution and multiple views of
multiplane transesophageal echocardiography have all led to a better appreciation of the
regurgitant orifice area concept.

Table 2.5 Echocardiographic findings suggesting
severe mitral regurgitation

1. Progressive end-systolic ventricular enlargement > 4
cm

Left ventricular end-diastole dimension > 7 cm
Ejection fraction < 60%

ROA > 0.5 cm?

Regurgitant volume 60 > cc

Regurgitant fraction > 55%

Flail leaflet

Color flow max regurgitant jet area > 7 cm?
Regurgitant jet area/left atrial area > 35%

10. Pulmonary venous systolic flow reversal

11. Left atrial diameter > 30 mm per square meter of BSA
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It is well accepted that the degree of severity of mitral regurgitation is associated with
the regurgitant volume. A regurgitant volume less than 35% of the total left ventricular
stroke volume can be well tolerated for long periods and does not result in the significant
progression of left ventricular dysfunction. Rather, regurgitant volumes greater than 50%
seem to lead almost invariably to quicker clinical deterioration. Mitral regurgitation with
volumes of 35-50% presents a clinical dilemma, and may or may not cause a problem
depending on other coexistent conditions. In most cases, ejection fraction and the serial
measurements of end-systolic and end-diastolic ventricular volumes can be used to assess
the ventricular performance. However, because of its high dependence on loading
conditions, the ejection fraction may not reflect the intrinsic left ventricular performance.
The end-systolic and end-diastolic volumes are markers that can predict a poor outcome
after surgery in terms of perioperative mortality and morbidity, but they lack adequate
sensitivity and specificity. The risk of early and late postoperative morbidity and
mortality is increased in patients with impaired left ventricular performance. The
potential for postoperative improvement is limited as ventricular reserve diminishes.
Therefore, the ideal timing for surgical intervention probably occurs at the onset of left
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ventricular impairment to circumvent the small risk of perioperative events associated
with current surgical techniques.

Echocardiographic diagnosis of mitral regurgitation

Conventional and color Doppler methods allow the detection of mitral regurgitation with
a high degree of accuracy (table 2.4). Positioning the pulsed Doppler sample volume on
the left atrial side of the mitral annulus, below the leaflet tips during systole, permits
sensitive identification of backward systolic flow, which is diagnostic of mitral
regurgitation. Pulsed wave Doppler mapping of the left atrium to determine the extent of
the regurgitant jet is not routinely performed and really is superfluous with
transesophageal echocardiography. The color Doppler flow method is the preferred
technique in combination with transesophageal echocardiography, and is extremely
sensitive in detecting and illustrating regurgitant flow from the left ventricle to the atrium
during systole.

Through the use of Doppler techniques it is now widely recognized that all valves leak
slightly, due to the displacement of blood from the normal motion of the valve during
closure, and trivial or physiological regurgitation is frequently shown in normal patients.
Physiological regurgitation,'*® which is most commonly defined with transesophageal
echocardiography and color flow Doppler, is defined by small jets of flow reversal
detected in close approximation to the mitral annular plane, usually during the early
phase of systole, when the leaflets are closing. Pulsed Doppler sampling shows these jets
usually within a 1cm area about the annular plane. Single or multiple color flow jets with
small jet areas and low flow velocities are imaged without significant turbulence or
variance.

With transesophageal echocardiography and color flow Doppler, significant
regurgitant flow jets are readily visualized, emanating from a closed mitral valve orifice
as high velocity systolic jets of flow.>***° Regurgitant flow jets are easily recognized by
their mosaic or green appearance produced by turbulence and variance maps recorded
against the background of low velocity blood flow filling the atrium (figure 2.27).
Transesophageal echocardiography has a clear advantage over transthoracic imaging in
mitral regurgitation. Eccentric regurgitant jets are easier to visualize from the multiple
views provided by the esophageal window, and may be easily followed in their full extent
throughout the atrium with minor changes in probe positioning. Generally, the regurgitant
jets appear larger than they do from the transthoracic approach, with imaging from the
esophageal window. The left atrium is physically closer to the transducer, which permits
better resolution by taking full advantage of the transducer frequency and eliminating the
acoustic shadowing from the valve apparatus that occurs in the apical windows with
transthoracic imaging.

It is important to describe fully regurgitant flow jets when classifying mitral
regurgitation by transesophageal echocardiography. Regurgitant jets are composed of an
area of flow convergence on the ventricular surface of the regurgitant mitral orifice that
narrows as it proceeds through the mitral orifice (vena contracta). The flow rapidly
spreads out like a flame (maximal jet area) and mixes with blood flow in the left atrium.
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Regurgitant jet flow may be directed centrally into the left atrium, or may take an
eccentric path as it originates from the regurgitant orifice.

Diastolic mitral regurgitation

Mitral regurgitation or retrograde blood flow can occasionally be recorded during
diastole as well as in systole, even though there is proper closure of the valve.”***® A
positive pressure gradient develops between the left atrium and left ventricle due to
improper timing of atrial-ventricular relaxation and contraction cycles. Doppler
recordings of diastolic regurgitation consist of low volume, high velocity flow jets that
diminish abruptly when the valve becomes completely competent during ventricular
systole. Diastolic mitral regurgitation may be seen in cases of conduction disturbance as
in atrioventricular block, atrial flutter, atrial fibrillation, in severe aortic regurgitation, or
with decreased ventricular compliance and distensibility.

Estimation of the severity of mitral regurgitation

Measurement of regurgitant jet area

Doppler color flow mapping, in addition to identifying regurgitant jets, may also provide
a semiquantitative method to estimate the volume of the regurgitant jet.****'% Planimetry
of the cross-sectional jet area visualizes the extent of the maximal regurgitant signal. The
maximal jet area must be optimally visualized by adjustment of the transducer, which
improves by using the transesophageal approach, since jets do not need to be centrally
oriented from the orifice to be seen adequately.’® The sensitivity of this method, using
transthoracic echocardiography rather than angiographic ventriculography, has been
reported™® to be about 86%, with a specificity of 100% and a correlation coefficient of
0.83. The severity is graded from mild to severe according to the jet area measured. Mild
regurgitation has a jet area of less than 1.5 cm?, moderate jet areas 1.5-3.0 cm? moderate
to severe jet areas 3.0-4.5 cm?, and severe regurgitation jets, larger than 4.5 cm?. Due to
the technical factors involved in Doppler imaging, involving the spatial relations of flow
jets, better results may not be possible with this method. The spatial distribution of the
regurgitant jet imaged by color Doppler flow mapping is highly dependent on the
velocity of the driving pressure transmitted from the left ventricle to produce
regurgitation, rather than on the regurgitant volume. Under constant flow conditions in
vitro, the spatial distribution of a regurgitant jet increases with increasing flow rate
producing a larger regurgitant jet on color Doppler flow mapping, which leads to
overestimation of the severity of regurgitation. Similarly, if the flow rate remains
constant and the regurgitant jet orifice is modified,'*® the spatial distribution of the jet will
decrease as the orifice size is increased, despite identical flow rate and regurgitant
volume. In these situations, measurement of the jet area will underestimate the severity of
mitral regurgitation. The jet area depends not only on the regurgitant volume, but also on
the regurgitation orifice and the velocity of blood flow.
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Figure 2.27 Color flow Doppler of the
flow jet in mitral regurgitation
demonstrating flow convergence and
vena contracta, which may be utilized
for determining the severity of mitral
regurgitation. (a) Typical central color
flow jet of mitral regurgitation
extending into the body of the let
atrium. (b) Enlarged view of the flow
convergence in a central directed jet,
illustrating an angle of closure of 180°
as utilized in the proximal isovelocity
surface area (PISA) method. (c) When
an eccentric mitral regurgitant jet is
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detected the angle of leaflet closure
may not be 180° and the angle must be
corrected and measured for proper
utilization in the PISA method. (d)
Enlarged view of a mitral regurgitant
jet illustrating the proper point
(arrows) of measurement for the vena
contracta method.

There is also wide variation in the spatial characteristics of regurgitant jets in patients
with mitral regurgitation. Distortion of the spatial pattern of the regurgitant jet may occur,
with collision of multiple and multi-directed jets or by jets directed towards and
impacting the left atrial wall or Coanda effect,*" all of which complicate the estimation
of jet area. Pulmonary venous flow'®® directed towards the mitral regurgitant jet may
produce smaller jet areas (through distortion and flattening) than may occur when the
pulmonary venous flow is directed away from the regurgitant jet. The estimation of
regurgitant areas can be modified by many hemodynamic variables, such as the level of
the left atrial pressure, and by changes in heart rate, most pronounced in patients with
acute severe mitral regurgitation. Considering all the factors that may influence the true
measurements and calculations of mitral regurgitation, an experienced echocardiographer
may be able to construct an accurate assessment of mitral regurgitation from visual
impression alone.

To assess mitral regurgitation more precisely, the maximum jet area relative to the left
atrial size can be determined also measuring the jet area in three orthogonal planes. With
transthoracic imaging,®® a ratio of the jet area to the left atrial area of less than 0.2 shows
mild regurgitation, 0.2-0.4 moderate regurgitation, and greater than 0.4 severe
regurgitation, as obtained with angiography. Unfortunately, these techniques have not
increased the statistical correlation with angiography, supporting the fact that the Doppler
method provides better information on the velocity of flow than on the regurgitant
volume.

Many reports that compared transesophageal echocardiography with color flow
Doppler and ventriculography have shown an excellent correlation between the two
methods for quantifying mitral regurgitation.” With transesophageal echocardiography,
the absolute jet area may be calculated with good results. Color Doppler mapping of the
area of the regurgitant jet'"* is around 95% sensitive and 100% specific, with a predictive
accuracy of 98%.

It has been suggested that the area calculation of only the mosaic portion (variance) of
the regurgitant jet is enough to quantify severity.*”* A maximal mosaic area of less than 3
cm? showed mild regurgitation with a sensitivity of 96%, a specificity of 100%, and a
predictive accuracy of 98%. A maximal mosaic jet area of greater than 6 cm? predicted
severe regurgitation, with a specificity of 91%, a specificity of 100%, and a predicted
accuracy of 98%.
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Transesophageal echocardiographic comparison of the regurgitant jet area as a
percentage of the left atrial area is accurate, despite limitations in visualizing the full
atrial dimension.

Measurement of regurgitant volume and regurgitant fraction

Mitral regurgitant volumes can be calculated echocardiographically by comparing the
difference between mitral and aortic stroke volumes, and expressing the regurgitant
volume as a fraction of the total mitral inflow."**"* Aortic outflow volume is derived
from the product of aortic cross-sectional area multiplied by the flow velocity integral
and heart rate. The aortic cross-sectional area is obtained by measuring the diameter of
the aortic annulus just proximal to the point of insertion of the aortic cusps, and using
2nr?, assuming that the aortic orifice is circular. The aortic stroke volume is obtained by
calculating the area under the flow velocity time integral curve. The aortic outflow can be
obtained from the deep transgastric position at 0° or from the lower esophageal position
at 0° using a five-chamber view. The aortic annulus diameter is usually best taken from
the lower esophageal position at 135°-150°. This determination of aortic outflow by the
pulse Doppler method is fairly accurate compared with the thermodilution technique.

The mitral inflow volume is calculated in a similar manner, but the mitral orifice
probably should be considered elliptical instead of circular. The long axis of the mitral
orifice can be measured in the transgastric view at about 90°, during mid-diastole. The
short axis dimension can be taken from the transgastric short axis view at 0° to 15° to
present the valve enface and again is measured at mid-diastole. The mitral valve area is
calculated by: MVA = (n/4) x L x S. Pulsed Doppler measures the mitral inflow velocity
in the lower esophageal position from 0° to 90° in four- or two-chamber views, placing
the sample volume at the leaflet tips. With this method, using transthoracic
echocardiography, a correlation coefficient of 0.92 has been obtained compared with
angiographic methods.

Obviously, the measurement of the regurgitant volume in this manner is cumbersome
and time-consuming. Accurate measurement of the aortic and mitral annulus is vital for
adequate results, which should give multiplane transesophageal echocardiography an
advantage since it gives more accurate results. In patients with atrial fibrillation and
mitral regurgitation, numerous measurements must be taken of the flow velocity time
integrals, averaged to compensate for variation in diastolic filling times.

Measurement of regurgitant orifice area

One of the first methods to calculate the effective regurgitant orifice area was described
by the Mayo Clinic.}”® The effective regurgitant orifice area may be calculated by pulsed
and continuous wave Doppler, as the ratio of regurgitant volume/regurgitant jet time—
velocity integral. Mitral and aortic stroke volumes are estimated by pulsed wave Doppler,
calculating the orifice flow for each (the orifice area times the velocity), and the
regurgitant volume is calculated from the difference of the mitral inflow and aortic
inflow. The time—velocity integral is obtained by continuous wave Doppler of the mitral
regurgitant jet. The effective regurgitant orifice area obtained in this manner is strongly
predictive of the severity of mitral regurgitation. Surgical observations have suggested
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that there is a marked difference between the mitral regurgitant orifice area of moderate
and severe lesions (35 + 12 mm?® and 75 + 33 mm?, respectively, p = 0.009), underlining
the importance of this measurement.

Quantification of regurgitation from pulmonary venous flow patterns

Some authors suggest the use of the pulmonary venous flow pattern to predict the
severity of mitral regurgitation. By definition, severe (4+) mitral regurgitation produces
the systolic reflux of contrast media into the pulmonary veins during angiographic
ventriculography. In animal models and patients, pulmonary venous flow patterns may be
altered by regurgitant volume, left atrial compliance, left ventricular systolic and diastolic
function, systolic blood pressure, and peripheral vascular resistance. Despite all of these
factors, however, regurgitant volume is largely responsible for producing negative
systolic pulmonary venous flow. Multiplane transesophageal echocardiography has
provided an excellent non-invasive means to interrogate the pulmonary veins using
pulsed wave and color flow Doppler to describe abnormal pulmonary venous flows
(figure 2.28). Recently, transesophageal echocardiographic Doppler studies have shown
that increases in severity of mitral regurgitation produces characteristic pattern changes in
pulmonary venous flow (table 2.6).

Table 2.6Pulmonary venous flow indices in mitral
regurgitation

Sellers MR grade 1+ 2+ 3+ 4+
Patients (no.) 1 12 8 22

Peak systolic velocity (S) (cm/s) 44 37 £ 207 26 £ 28* 14 + 20%
Peak diastolic velocity (D) (cm/s) 53 53 +22 52 +26 61+18
Systolic/diastolic (S/D) ratio 08 0.8t 0.5* 0.3t

*p< 0.05 peak S, D, S/D ratio for 3+ versus 4+ mitral regurgitation;

tp< 0.05 peak S, D, S/D ratio for 2+ versus 4+ mitral regurgitation;

$p< 0.05 peak S, D, S/D ratio for 4+ versus (2+, 3+) mitral regurgitation.

From Klein AL, Obarski TP, Stewart J, et al. Transesophageal Doppler echocardiography of
pulmonary venous flow: a new marker of mitral regurgitation severity. J Am Coll Cardiol
1991;18:518-26.

Normal pulmonary venous flow is pulsatile, and corresponds to the X and Y descent
of the left atrial pressure curve. Normal flow emptying into the left atrium from either the
right or left pulmonary vein is easily visualized by multiplane transesophageal
echocardiography, and appears non-turbulent and reddish orange in color on standard
color flow velocity maps. With pulsed wave Doppler, normal pulmonary venous flow
appears as biphasic waves above the Doppler baseline, with forward flow recorded
during systole and diastole. Occasionally, a small wave of reversed atrial flow is noted
immediately after diastolic forward flow, corresponding to mitral valve closure. The peak
velocity of the systolic integral is greater than the diastolic peak velocity, with a ratio of
about 2:1. When recording pulmonary venous flow with pulsed Doppler, the sample
volume must be placed at least 1-2 cm into the pulmonary vein to eliminate extraneous
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Figure 2.28 Pulmonary venous flow.
Pulsed Doppler pulmonary venous
flow patterns recorded with mitral
regurgitation. (a) Normal pulsed
Doppler pulmonary venous flow
pattern, with systolic flow (S)
component greater than the diastolic
flow (D) component. (b) In mild mitral
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regurgitation the systolic flow
component is equal to the diastolic
flow component. (c) In moderate
mitral regurgitation the systolic
forward flow component becomes less
than the diastolic flow component and
flow reversal is detected. (d) In severe
mitral regurgitation forward systolic
flow ceases and flow reversal is noted
during systole with forward flow only
occurring during diastole. (e)
Echocardiographic visualization of the
pulmonary vein illustrating various
pulse Doppler sampling points for
recording pulmonary venous flow.
Pulsed Doppler sampling for
pulmonary venous flow should be
performed within 1cm of the vein
orifice (g) for the most accurate results.
(F) Pulsed Doppler with the sample
volume at the orifice. (h) Pulsed
Doppler with the sample volume deep
in the pulmonary vein.

In mitral regurgitation different flow
profiles between the left (i) and right
(1) pulmonary veins are recorded in a
patient with an eccentric mitral
regurgitant jet. The flow profile in (i)
suggests normal-to-mild mitral
regurgitation and the profile in (j)
suggests mild-to-moderate mitral
regurgitation. This example underlines
the importance of measuring both the
right and left pulmonary veins and
illustrates the limitations of this
method when evaluating the severity
of mitral regurgitation.
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atrial flow turbulence near the orifice of the vein or venous movement as a result of
respiration. The angle of incidence of the Doppler sample can usually be made negligible
by rotating the transducer of the multiplane probe. Discordant pulmonary venous flow
has been described between the right and left pulmonary veins, so both veins should be
sampled to ensure accurate results. It should also be noted that pulmonary venous systolic

peak velocities and systolic flow integrals can increase in the left pulmonary vein in
176

normal patients lying in the left lateral decubitus position.
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The pulmonary venous flow profile

may also be affected by the underlying

cardiac rhythm. (k) Supraventricular

tachycardia. (I) Ventricular pacing. (m)

Atrial flutter. (n) Atrial fibrillation. (o)

A-V sequential pacing. (p) 1° heart

block. (g) Junctional rhythm.

With varying degrees of mitral regurgitant volumes, pulmonary venous flow patterns

have been described as normal, blunted, or reversed in systolic flow, whereas diastolic
forward flow generally remains the same."”’*# Klein and colleagues'® have found that

98% of patients with severe (4+) mitral regurgitation show systolic flow reversal, with a
sensitivity of 93% and a specificity of 100% compared with other transesophageal
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echocardiographic color flow mapping methods. Patients who had moderate regurgitation
(3+) had blunted systolic flow, with a sensitivity of 61% and a specificity of 97%.
Patients with milder mitral regurgitation (2+ or 1+) had normal or equiphasic flow.
Similarly, there were significant differences in peak systolic flow velocities and
systolic/diastolic flow ratios between each grade of mitral regurgitation. Additionally, the
presence of atrial fibrillation did not alter the significance of results in patients with
different grades of mitral regurgitation. Discordant venous flow was seen between the
right and left pulmonary veins, and was attributable to the direction and orientation of the
mitral regurgitant jet, illustrating the importance of sampling both right and left
pulmonary veins and using the most significant pattern. In a follow-up study, the same
group showed that pulmonary venous flow reflects the severity of mitral regurgitation on
the left atrial pressure a and v waves.

Therefore, with care, the transesophageal echocardiographic findings of the
combination of reversed and blunted systolic flow is useful to differentiate clinical
significant mitral regurgitation (4+ or 3+) from clinically insignificant regurgitation (2+
or 1+), to further aid in the classification of mitral regurgitation.

Measurement of proximal jet width and vena contracta

Measurement with transesophageal echocardiography of the width of the proximal
regurgitant jet just above the valve orifice is also promising.'® When the width of the
regurgitant jet orifice is greater than 5.5 mm, it correlates nicely with severe regurgitation
on angiography and a regurgitant stroke volume of more than 60ml. An advantage to the
measurement of the jet width orifice is that it should not be as susceptible to most of the
physiological factors that plague measurements of the jet area. The vena contracta
method does assume that the mitral regurgitant orifice does not change shape during
systole, which may not be valid in patients with mitral valve prolapse.*®

In a somewhat further refinement of this technique, measurement of the vena contracta
portion of the regurgitant jet can be made quickly with accurate results, that are
independent of hemodynamics and orifice geometry. The diameter of the vena contracta
or narrowest extent of the regurgitant jet as it passes through the valve orifice may be
measured in one or two orthogonal echocardiographic planes.*®® Studies have shown
that the vena contracta width measured by transthoracic and transesophageal
echocardiography correlates well with the angiographic grading of mitral regurgitation.*®

In a subsequent study,® wvena contracta measurements by transthoracic
echocardiography accurately predicted regurgitant volume (r = 0.85, SEE = 20 ml) and
regurgitant orifice area (r = 0.86, SEE = 0.15 cm?). In addition, the vena contracts width
was the only independent predictor of the severity of mitral regurgitation by multivariate
analysis when considering pulmonary venous flow reversal, maximal jet area, and left
atrial size. A vena contracta width of 0.5 cm or more in the parasternal long-axis view
was always associated with severe mitral regurgitation, a regurgitant volume of 60 ml,
and a regurgitant orifice area of 0.4 cm?. A vena contracta width of 0.3 cm or less was
associated usually with mild mitral regurgitation, and predicted a regurgitant volume of
less than 60ml and regurgitant orifice area of less than 0.4 cm?.
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Regurgitant volumes obtained by multiplane transesophageal echocardiography
measurement of vena contracta width correlate nicely with regurgitant volumes obtained
angiographically using the thermodilution technique.

Potential limitations of vena contracta width measurements are related to assumptions
of the mitral orifice and validation in different clinical states. The mitral orifice is
assumed to be circular or elliptical with this method, when it is usually irregular in shape.
Another error may occur in assuming that the mitral regurgitant orifice is fixed and not
dynamic. A technical consideration is that it is generally difficult to distinguish the
narrowest flow zone corresponding to the vena contracta. Resolution of the vena
contracta is highly dependent on the spatial resolution of the view and the
echocardiographic equipment. At present, this method has not been validated for patients
with coexistent aortic insufficiency or atrial fibrillation, but the vena contracta method
should not be affected by the presence of aortic insufficiency.

Measurement of flow convergence (PISA)

Color flow Doppler mapping makes it possible to evaluate the acceleration of blood flow
as it converges toward a regurgitant orifice. A zone of flow acceleration can be visualized
proximal to the regurgitant orifice in almost all patients under transesophageal
echocardiography, and it correlates well with the severity of mitral regurgitation. %

As blood flow accelerates toward the regurgitant orifice, concentric rings of
isovelocity regions are produced in a radial fashion, decreasing in size as they approach
the mitral orifice. Successive layers of isovelocity hemispheres are shown with color
Doppler, and may be enlarged and enhanced with the zoom mode of the
echocardiographic instrument. On velocity maps, aliasing layers of flow appear as
alternating shades of red and blue, much like a rainbow. The velocity increases as flow
converges on the mitral orifice, with the smallest hemisphere nearest the orifice having
the highest velocity.

The zone of flow convergence proximal to a mitral regurgitant orifice is described
mathematically as hemispherical. If all the blood flow within the convergence region
passes through the regurgitant orifice, and the product of flow area times spatial velocity
is constant at any position within the flow stream (law of continuity), then these data can
be used to calculate the regurgitant flow rate. The flow rate Q (ml/sec) is equal to the
velocity of blood flow multiplied by the cross-sectional area of the first isovelocity ring:
Q = 2xr’v, where r is the radial distance of the first alias from the regurgitant orifice, 2zr?
is the area of the hemisphere at radial distance r, and v is the aliasing velocity in cm/sec
at radial distance r.

The effective regurgitant orifice area can be calculated by dividing the flow rate Q by
the maximal velocity of the mitral regurgitant jet through the orifice, as recorded with
continuous wave Doppler. Next, the regurgitant volume may be calculated by multiplying
the effective regurgitant orifice area by the time velocity integral of the mitral regurgitant
jet.

Many studies have been done in both models and clinical patients, to validate the
utility of the flow convergence method for mitral regurgitation. These studies have
addressed the potential limitations of flow convergence relating to the mathematical
calculations, and the geometric assumptions made about the flow orifice and interaction
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of flow about the orifice.**° When the proximity to the orifice causes the isovelocity
surfaces to flatten out, the flow regions cannot be assumed to be hemispherical, and
therefore it is necessary to lower color aliasing velocities, which increases the radius to
allow for better measurement.*®*

Occasionally, mitral lesions produce an eccentrically placed regurgitant orifice in
relation to the valve plane, which may distort the shape of the proximal flow convergence
contour.®"**® Clinically, with a flail or severely prolapsing posterior leaflet the flow
convergence angle may be constrained by the posterior wall of the left ventricle. If the
velocity contour in error is considered hemispherical, the mitral flow rates are grossly
overestimated by the flow convergence method. In this instance, the proximal flow
contour can not be considered hemispherical and the flow equation must be corrected by
the true convergence angle. There are two ways to correct for this: (1) involves
measuring the true angle (aon the image sector with a protractor and correcting the
calculated regurgitant flow volume or regurgitant orifice area by multiplying by a/180; or
(2) substituting 2zr in the flow convergence by the true area of = = t + 2 tan™ d/r, where d
is the measured distance from the constraining wall to the radian of the regurgitant
orifice. Good results have been obtained with both methods, eliminating the gross
overestimation of regurgitant flow volumes.

The severity of mitral regurgitation can be described through the use of the regurgitant
orifice area, since fundamentally its size is the major determinant of regurgitant volume
and thus regurgitant fraction. As validated by angiographic and echocardiographic
methods,*® a calculated regurgitant orifice area of more than 0.5 cm? correlates with
severe (4+) mitral regurgitation, greater than 0.3 cm?but less than 0.5 cm? correlates with
moderate (3+ ) regurgitation, and less than 0.1 cm?® corresponds to mild or trace
regurgitation.

In an effort to shorten the time required for the flow convergence method, the
Cleveland Clinic has simplified the formula by making various assumptions.””> The
regurgitant orifice area may be simplified and calculated as ROA = r%/2, where r is the
distance of the aliasing contour when the aliasing velocity is set to 40 cm/s, and it is
assumed that the pressure difference between the left ventricle and the left atrium in
systole is 100 mmHg (as produced by a 5 m/s regurgitant jet).

Prediction of ventricular function after surgical correction

Left ventricular dysfunction is the most common cause of morbidity and mortality after
the successful surgical correction of mitral regurgitation. Although the operative
mortality for mitral repair or replacement has fallen in the 1990s, patients that present
with left ventricular dysfunction still have a poor long-term prognosis. For this reason
many asymptomatic patients are being considered as surgical candidates for the treatment
of mitral regurgitation, to prevent the development of significant left ventricular
dysfunction.?%*%12

The operative mortality for the surgical correction of mitral regurgitation is related to
age and functional class.”® The operative mortality for surgical correction of mitral
regurgitation is 1.3% in patients less than 75 years old and 5.7% in patients over 75 years
old. The operative mortality for mitral regurgitation is 9% for patients in functional



Atlas of multiplane transesophageal echocardiography: volumel 132

classes Il and 1V, versus 1.5% for functional classes | and Il. Mitral valvular repair has
had a significant effect on the operative mortality of mitral regurgitation, with or without
other cardiac surgery. In most institutions currently undertaking mitral valve repair for
the treatment of organic mitral regurgitation, the operative mortality is approaching 0%.

Late survival after the surgical correction of mitral regurgitation is related to
preoperative left ventricular function, and echocardiographic measurement of ejection
fraction (EF) is an excellent predictor of late survival.®” Late survival at 10 years is 32%
with an echocardiographic EF of less than 50%. Survival is about 53% with an EF
between 50 and 60%, and a 72% survival can be expected with an EF of 60% or more.
End-systolic ventricular enlargement is also an excellent echocardiographic predictor of
poor left ventricular contractile reserve for the development of postoperative ventricular
dysfunction. The demonstration of an end-systolic ventricular dimension after exercise of
more than 40-45 mm with stress exercise echocardiography reliably predicts poor left
ventricular function after valve repair.

Papillary muscle dysfunction

The papillary muscles contribute to the functional integrity of the mitral valve unit.
Dysfunction of the papillary muscles may result in regurgitation, obstruction, or both.
Transesophageal echocardiography has led to significant advances in the visualization
and diagnosis of papillary muscle abnormalities. Papillary muscle dysfunction may be the
result of morphological, positional, or functional changes due to acquired or congenital
heart disease. In some patients there is severe calcification of the whole papillary muscle
extending into the ventricular myocardium and/or the chordae tendineae, by contrast with
the normal age-related changes of calcification of the head of the papillary muscle in
elderly patients. Papillary muscle dysfunction can be catastrophic, such as in muscle
rupture associated with acute myocardial infarction, or can be of lesser or unknown
significance in many other clinical circumstances.

Papillary muscle enlargement occurs together with ventricular hypertrophy states.
cases of hypertrophic cardiomyopathy, the papillary muscles may be hypertrophic to the
extent that they cause mid-ventricular obstruction, especially when the ventricular cavity
is small as occurs in low volume states. The location of the papillary muscles may also be
an issue in hypertrophic cardiomyopathy, particularly when there is non-concentric left
ventricular hypertrophy, and may produce systolic anterior motion (SAM) of the
subvalvular apparatus.”** SAM plus mitral insufficiency without the presence of septal
hypertrophy has been shown using echocardiography to displace papillary muscles in
dogs. Studies have also shown reduced papillary muscle fractional shortening due to the
increased width of the papillary muscle, despite normal papillary muscle length.

212 In

Mitral annular calcification

Mitral annular calcification is frequently observed in patients with or without significant
mitral valvular disease. Degenerative disease occurs frequently in the mitral annulus and
the fibromuscular skeleton of the heart, in association with other disease entities or as a
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consequence of ageing. Annular calcification is common in the elderly without disease of
the chordae or leaflets, especially in women over 70 years old.?** Calcification of the
mitral annulus is one of the most common abnormalities found at necropsy, occurring in
10% of necropsies in patients over 50 years old.?***® Mitral annular calcification is
frequently associated with disorders that produce mitral regurgitation, such as
myxomatous degeneration.?’” Mitral annular calcification is also common in several
metabolic disorders involved with calcium deposition,*® such as Hurler’s syndrome,**
Paget’s disease, and bone dystrophy of chronic renal failure.”

Calcium deposition is commonly encountered in the loose connective tissue of the
posterior aspect of the mitral annulus, especially near the central scallop of the posterior
leaflet. In addition, degenerative calcium deposits may be found in the junction formed
by the ventricular surface of the posterior leaflet and the posterior left ventricular wall
(posterior submitral angle). When severe calcium deposition totally surrounds the
annulus and extends into the posterior leaflet tissue and proximal ventricular
myocardium, obstruction of the left ventricular inflow tract may occur.®* Mitral annular
calcification is usually limited to the posterior annulus, and extends medially and laterally
towards the fibrous trigones. The anterior aspect of the annulus is usually unaffected,
unless there is associated aortic sclerosis or calcific aortic stenosis that extends into the
aorto-mitral fibrosa. When there is calcification of the medial margin of the annulus, the
conduction system may be involved, resulting in conduction disturbances. When the
width of the calcific annular band exceeds 5 mm, there is a significant increase in the
incidence of conduction defects, atrial fibrillation, and heart failure.?2%%

In patients with mitral annular calcification, transthoracic echocardiography has a
sensitivity of 76% and a specificity of 94% compared with fluoroscopy.?®
Echocardiography is less sensitive if thickening of the annulus is due to sclerosis or
fibrosis and not calcification. Although not reported, transesophageal echocardiography
with its improved image resolution from the esophagus is beneficial in cases that are not
clear using transthoracic imaging. Transesophageal echocardiography is extremely
helpful in moderate to severe cases of mitral annular calcification, since with
transthoracic echocardiography the mitral valve leaflets and subvalvular apparatus may
be overshadowed by the dense calcium deposits similar to the acoustic shadowing
produced by a prosthetic valve. Extensive mitral annular calcification occasionally
produces an irregular or raised margin in the annulus, to form a crevice or potential space
between the annulus and atrial wall. These types of deformities with the annulus are
associated with bacterial endocarditis and thrombus formation, which are more easily
shown with transesophageal echocardiography. Extensive mitral annular calcification is
associated with a greater incidence of cerebral and retinal embolism than age-matched
wounds.**

The deep transgastric views allow good visualization of the mitral valve unit without
acoustic shadowing. The short axis and longitudinal transgastric views allow good
visualization of the entire annulus to determine the full extent of annular involvement.
The four-chamber and two-chamber lower esophageal views (0°-180°) allow full
evaluation of the mitral valve and surrounding left ventricular myocardium to identify
calcific extension to the leaflets and myocardial wall.

Echocardiographically, mitral annular calcification appears as highly reflective areas
of increased echogenicity. Calcification may occur as single or multiple small discrete
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areas (1.5 mm or more), or as larger semicircular linear bands in the area of the annulus
adjacent to the posterior mitral leaflet at the atrioventricular junction. Mitral annular
calcification may extend into the posterior leaflet and render the leaflet immobile. When
annular calcification extends and involves the body and tip of the anterior leaflet and
chordae tendineae, left ventricular inflow obstruction may be produced, as shown with
Doppler echocardiography.?

The echocardiographic identification of mitral annular calcification is extremely
important in patients who present for mitral valve repair, as well as for mitral valve
replacement, since annular calcification is not always readily appreciated by the cardiac
surgeon. Paraprosthetic leaks are technically unavoidable during valve replacement in
patient with significant annular calcification. Small or large areas of calcification
interfere with the ability to adequately suture or secure rigid prosthetic sewing rings to
the fibrous skeleton. In patients with significant annular calcification, mitral repair
appears to be a better option than mitral replacement. Newer techniques in mitral repair
allow for the near total debridement of the mitral annulus with good results.”*® Removing
annular calcium allows for easier suture placement with better tissue approximation,
easier placement of the annuloplasty ring, less annular distortion (better geometry avoids
regurgitation or obstruction), better leaflet mobility, and the theoretical advantage of
allowing annular remodeling and restoration of annular motion.

Mitral valve endocarditis

Infective endocarditis is caused by a microbial infection of the endocardial lining of the
heart, which is difficult to diagnose and treat. Infectious endocarditis generally results in
permanent damage, even with successful antibiotic treatment. The characteristic lesion of
infective endocarditis is a vegetation. Transesophageal echocardiography is arguably the
procedure of choice and is the gold standard for detection of mitral valve vegetations.?’~
232 Transthoracic echocardiography reliably detects vegetations about 3 mm in size.”* In
a study comparing transesophageal echocardiography  with  transthoracic
echocardiography for detecting vegetations between 2 and 5 mm, the sensitivity of
monoplane transesophageal echocardiography was 90% and 58% for transthoracic
echocardiography.®* The diagnosis of infective endocarditis is still primarily a clinical
diagnosis, since pathological studies show that up to 50% of patient who die of acute
endocarditis do not have vegetations.”*® However, Shively and colleagues®® suggested
that the absence of the characteristic abnormalities by transesophageal echocardiography
indicate a low probability of disease in a patient with intermediate pre-test likelihood of
endocarditis.

Mitral valve vegetations impair the functional integrity of the mitral valve apparatus
through destruction of the annulus, leaflets, or chordae. With transthoracic
echocardiography, vegetation size and appearance are highly variable. They may be
nodular or resemble irregular echogenic masses attached to one or both of the valve
leaflets, or, occasionally, to the chordae tendineae. With multiplane transesophageal
echocardiography, vegetation morphology may be better defined and vegetations can be
categorized as nodular, globular, shaggy, frond-like, polypoid, or tubular.””** When
vegetations appear tubular they may be confused with senescent valvular thickening,
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papillomas, or papillary fibroelastomas of the mitral valve, that frequently appear as thin,
multiple hairlike projections on the leaflet margins or chordal structures. Vegetations may
be sessile or pedunculated, and may be as large as 40mm in diameter. Placing the M-
mode cursor on the vegetation in the zoom mode, sessile vegetations may show fine
vibratory movements. VVegetations move in concert with the leaflet when firmly adherent
to it, or almost independent of valve motion or chaotic when pedunculated. Pedunculated
vegetations usually appear larger with multiplane transesophageal echocardiography, and
are frequently noted to prolapse between the left ventricular outflow tract and left atrial
cavity during the cardiac cycle.?***? Even with transesophageal echocardiography, it may
not be easy to distinguish vegetation from small ruptured chords and prolapsing leaflet
with myxomatous degeneration. With transesophageal echocardiography, vegetations
may be distinguishable from senescent valvular thickening, discrete calcifications, or
annular calcification as relatively fixed, symmetrical, or variably hyper-refractile masses.
Vegetations usually occur on previously deformed valves, but depending on the
offending bacterial organism, vegetations may be produced on normal valves or may
spread to produce satellite vegetations. The size or morphology of vegetations bears no
correlation with the location or specific causative organism.”**#*%?** Newer or acute
vegetations may appear less dense or hypo-refractile in echogenicity compared with
chronic lesions that appear more echodense and less mobile, but this finding is clearly
subjective. 224

Vegetations usually occur on the atrial surface of the leaflet tips, where they prevent
the normal coaptation and approximation of the leaflets during systole, and cause mitral
regurgitation. In abnormal mitral valves, vegetations may occur at friction sites or jet
lesions, such as the body of the leaflets and atrial wall, the basal surface of the ventricular
septum, or on chordae showing systolic anterior motion.?*> Complications of vegetations
or infective endocarditis of the mitral valve may produce perforation in the body of the
leaflet, or result in ruptured chordae and flail or prolapsing leaflets, or disruption of the
mitral annulus from a perivalvular abscess.?*’ Perivalvular abscesses appear as distinct
echodense (signifying purulent debris) or echolucent (sterile cavity) areas near the
annular ring or annular attachment of the leaflet, and are found in about 20-30% of
patients in surgical or necropsy studies.?****® Careful scanning with multiplane
transesophageal echocardiography is ideal to identify perivalvular abscess and to
distinguish abscess from lipomatous tissue, which may be frequently observed in the
region of the annulus and the primum area of the atrial septal wall and is not generally
echolucent. With color Doppler, flow jets may appear moving in and out of the
echolucent area with systolic expansion or diastolic collapse. Sub-aortic extension of
aortic valve endocarditis may affect the anterior mitral leaflet, leading to an aneurysm or
perforation of the leaflet.?>*** Echocardiographically, an aneurysm of the leaflet appears
as a bulge in the leaflet during systole and diastole, and is an ominous sign since there
appears to be a high rate of rupture.

There is a 25% embolization rate with mitral valve endocarditis. Rohmann and
colleagues®® found that mitral valve vegetations were an independent predictor of
embolic complications with multivariate analysis, especially in vegetations larger than 10
mm. Mobility of the vegetation has also been associated with an increased risk of
embolization and death in endocarditis. When transesophageal echocardiography is done
for the diagnosis of endocarditis and before a recognized embolic event especially with
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native mitral valve vegetation, 85% of large vegetations are mobile, in contrast with only
48% of small vegetations smaller than 10 mm.”** Embolic episodes are more common
with mobile vegetations (38%) than sessile vegetations (19%).2* The visualization of
spontaneous echocontrast or smoke on transesophageal echocardiography is also a risk
factor for embolization, prolonged vegetation healing, and surgical intervention, under
multivariate analysis.?**2>°

Serial examination during treatment of infective endocarditis with transesophageal
echocardiography shows that vegetations may regress or grow larger.**?*° In a study of
vegetation size during treatment, only 39% of vegetations decreased in size, with 47%
not significantly changing and 14% of vegetations increasing in size. A significant
increase in vegetation size after 2 weeks of effective antibiotic therapy is a medical
therapeutic failure for infectious endocarditis.

Non-bacterial endocarditis

Transesophageal echocardiography has sparked a considerable interest in the recognition
of non-bacterial endocarditis.?®**> Non-bacterial vegetations are more common in left
sided cardiac valves, especially the mitral valve. Non-bacterial thrombotic endocarditis
has been associated with malignancy (marantic endocarditis), uremia, and connective
tissue disorders. Non-bacterial vegetations usually appear as small, sessile, and verucous
lesions on the valve leaflets. Prominent valvular vegetations may be shown in patients
with lupus erythematosus who have high anticardiolipin (anti-phospholipid) antibody
titers.®® In the antiphospholipid syndrome, vegetations can be either primary, occurring
in the absence of an underlying disorder, or secondary, in association with lupus
erythematosus. Libman-Sacks endocarditis has been identified in about one-third of
patients with primary involvement, and in increased frequency in patients with systemic
lupus erythematosus and high anti-phospholipid antibody titers compared with patients
with low titers. Although Libman-Sacks vegetations have been found in 35-65% of
lupus patients in early necropsy studies, they are usually clinically silent or show only
minor hemodynamic abnormalities.”®® Libman-Sacks lesions are described in
pathological studies as sterile fibrofibrinous vegetations 3—4 mm in size that may develop
anywhere on the endocardial surface, with a propensity for the ventricular surface of the
mitral valve. Healed Libman-Sacks lesions show a fibrous plaque pathologically,
sometimes with focal calcification. In extensive lesions or with corticosteroid therapy,
healing may produce valve dysfunction as a result of valve deformities secondary to
marked scarring or thickening. Libman-Sacks lesions may serve as a nidus for bacterial
endocarditis or valve thrombi. Vegetations are frequently diagnosed by transesophageal
echocardiography in patients with systemic lupus erythematosus. In an analysis of lupus
patients with transesophageal echocardiography, valvular lesions were found in 61%,
predominantly as valvular thickening in 51%, or as leaflet masses or vegetation in 43%.
The lesions produced hemodynamics for regurgitation in 25%, and stenosis in 4% of
patients.”®*

Echocardiographically, vegetations appear as thickening or masses of varying size and
shape, with irregular borders and echodensity, firmly attached to the valve surface of the
leaflet body or margins. Vegetations show relatively little motion. Roldan and
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colleagues®® reported that on serial transesophageal echocardiographic examinations
done almost 2.5 years apart, valvular abnormalities frequently resolved, appeared for the
first time, or persisted but changed in appearance or size between the two studies. Mild or
moderate valvular regurgitation did not progress to become severe, and new stenoses did
not develop. Neither the presence of wvalvular disease nor changes in the
echocardiographic findings were temporally related to the duration, activity, or severity
of lupus, or to its treatment. The presence of valvular lesions is related to increased
morbidity and mortality.

Echocardiographic analysis in the Antiphospholipid Antibodies in Stroke Study Group
disclosed mitral valve abnormalities in 22.2% of patients with cerebral ischemic events
and high antiphospholipid antibody titers.?®® Antithrombotic therapy is indicated for
secondary prevention in patients with antithrombotic associated valvular disease who
have already had a thromboembolic event.

Indications for transesophageal echocardiography in endocarditis

The indications of transesophageal echocardiography in suspected mitral valve
endocarditis are a negative transthoracic echocardiogram in the setting of persistent
bacteremia, without another obvious detected source of infection constituting a high
probability of infectious endocarditis. If transthoracic echocardiography is diagnostic for
vegetation and regurgitation is adequately defined, a transesophageal echocardiogram is
usually not necessary and does not supply additional information, especially if there are
no complications and the patient is clinically stable and responding to therapy. If these
conditions are not met, however, transesophageal echocardiography is especially helpful
in the diagrams of mitral valve endocarditis (table 2.7). Serial examinations either by
transesophageal echocardiography or transthoracic echocardiography should be done to
follow the vegetation size, and to assess intracardiac hemodynamics including left
ventricular function. Transthoracic echocardiography usually enables assessment of
regurgitation and cardiac hemodynamics even if the specific vegetation is not seen.
Subsequent examinations may be done on a weekly basis by transthoracic
echocardiography and every 2 weeks by transesophageal echocardiography if that was
the diagnostic study. With the clinical presentation of new physical signs, complications,
or hemodynamic instability, transesophageal echocardiography should be performed in
all patients with mitral valve endocarditis.

Table 2.7 Indications for transesophageal
echocardiography (TEE) in endocarditis

Initial baseline study (diagnostic)
Strong clinical suspicion with negative or poor images on transthoracic echo
Clinical picture different from transthoracic echo findings
Suspected prosthetic valve endocarditis

During course of therapy (2 to 4 weeks)*
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Evaluate vegetation size and appearance on therapy
Evaluate abscess or valve destruction noted on baseline study
Rule out new complications
Acute complications
Change in clinical picture
Worsening hemodynamics
Persistently positive blood cultures

*TEE is often not necessary even if it was the baseline study, if the transthoracic image quality was
adequate and TTE findings are interpretable in view of the initial TEE findings.

Congenital mitral disease

Developmental abnormalities of one or more components of the mitral valve constitute
congenital mitral valve disease as an isolated finding or in combination with other

Table 2.8 Congenital lesions ofthe mitral valvular

unit

Valvular apparatus Abnormality

Annulus Dilatation — deformity

Commissure Fusion
Double orifice

Leaflets Cleft
Agenesis

Chordae Absent
Fusion
Elongation

Papillary muscle Malposition
Elongation
Arcade

Parachute valve

From Carpentier A. Cardiac valve surgery—the “French correction”. J Thorac Cardiovasc
Surg1983;86:323-37.

congenital malformations of the heart. Congenital mitral valvular disease may result in
stenosis, incompetence, or both. Occasionally, congenital mitral valvular disease, with
minor hemodynamic abnormalities, can go undetected or be confused with other forms of
acquired disease and not be discovered until the patient is a young adult. In our
experience, it is not unusual that in the occasional young patient presenting for
assessment of mitral stenosis before valvuloplasty or for the feasibility of surgical repair
of mitral valve prolapse, congenital abnormalities are discovered using transesophageal
echocardiography. To better understand congenital mitral disease in the young adult, it is
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helpful to be familiar with the specific congenital abnormalities that may occur for each
component of the mitral unit (table 2.8), rather than trying to label a specific syndrome
based on image recognition.?>*® By the time the congenital patient reaches adulthood
the lesion has degenerated (wear and tear), and does not always appear as initially
described, which generates confusion and perhaps a wrong diagnosis with transthoracic
echocardiography. Also, evaluating congenital mitral disease by its component parts may
offer the patient an opportunity for repair rather than valve replacement, which is usually
the first choice.?**%"®

Papillary muscle abnormalities

Congenital abnormalities of the papillary muscles include the malposition of the muscles
in the ventricular cavity, elongation of the muscles, accessory muscles, a single muscle
with or without an accessory muscle, or muscles associated with extensive fibrotic tissue.

Probably the most recognized congenital papillary muscle abnormality occurs in the
parachute mitral valve.?”**® In the parachute valve, there is only one single, long
papillary muscle—usually the posteromedial muscle that originates closer to the
ventricular apex. If an anterolateral muscle is present, it is an accessory muscle, and is
small and chordae are usually aberrantly connected to the ventricle: the chordae are
shortened and thickened. The leaflets are normal at birth, and by adulthood may become
thickened as a result of degenerative changes or the development of excessive leaflet
tissue. All chordae emanate from the leaflets and converge into the single papillary
muscle, which narrows the inflow tract, restricts normal leaflet motion, and produces an
eccentric orifice opening. In this manner, stenosis or obstruction to flow is produced in
the subvalvular region as flow is directed into a posteriorly oriented inflow tract towards
the closely grouped and crowded chordae tendineae. Secondarily, regurgitation may also
occur due to the restricted leaflet motion interfering with the approximation of the leaflets
during systole.?”® These findings, especially the visualization of one centrally placed
papillary muscle in the transgastric short axis view of the left ventricle, are easily seen
with transesophageal echocardiography.

Mitral arcade may also be occasionally seen in the young adult.?”” Transesophageal
echocardiography in mitral arcade shows a bridge of fibrous tissue in between the
papillary muscles that directly attaches to the anterior leaflet. The commissures are
rudimentary and therefore distinct separation is not seen. The anterior leaflet may be
rudimentary with a normal posterior leaflet. The chordae are short and thickened, giving
the appearance that the papillary muscles extend directly to the leaflets. The papillary
muscles are large and elongated, and may be displaced anteriorly. These lesions
predominantly produce regurgitation, and secondarily produce obstruction of flow.

The posterior placement of two hypertrophied papillary muscles may also cause
subvalvular stenosis.”® On transgastric short axis views, the papillary muscles are
obviously thickened and abnormally placed in the left ventricular cavity with a small
posterior interpapillary muscle dimension. Rotation of the transducer to 90° shows the
chordae to be thickened, and anomalous thick muscular bands are common. Hypoplastic
papillary muscles may occur, often in groups of three or more with thickened chordae,
and may cause subvalvular obstruction.?’ 2%
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Chordal anomalies

Congenital chordal anomalies may cause mitral insufficiency or stenosis.?’**"® Chordae
may be fused or totally absent in congenital mitral stenosis. Chordae may be abnormally
placed to the whole body of anterior leaflet instead of just to the free edge, in a pattern
similar to that of the posterior leaflet. Chordae may be elongated and may result in
significant leaflet prolapse.

Leaflet anomalies

Leaflet clefts may occur mainly in the anterior leaflet and rarely in the posterior leaflet as
previously described, with or without an AV canal defect.**" %2828 | the isolated cleft
of the anterior leaflet, an additional smaller leaflet may be formed by an accessory
commissure with or without accessory chordal attachment, which produces mitral
insufficiency. Careful scanning is required so that this is not confused with myxomatous
degeneration and a ruptured posterior leaflet or a perforated leaflet.

The orifice formed by the mitral leaflets may be narrowed by agenesis of the leaflets,
absence of the commissures, or congenital thickening or fibrosus of the leaflets, which
appears similar echocardiographically to rheumatic stenosis without the presence of
calcification.?®®

Congenital mitral insufficiency may be caused by hypoplastic leaflets that appear as
small, fibrous, stubby leaflets. One or both commissures may be absent, producing
multiple orifices.?"8283:285

Annular anomalies

The mitral annulus may be dilated congenitally due to the deficiency of commissural
tissue, usually in association with other anomalies of the valve unit.?”® The mitral annulus
may be small, as an isolated finding with obstruction or without obvious obstruction in
association with coarctation of the aorta.””*** Supravalvular rings may be present,
consisting of thick fibrous rings on the left atrial side of the annulus, with the normal
connections to the left atrium.?®* Non-obstructive rings may present as an incidental
finding during transesophageal echocardiography, in association with other anomalies of
the mitral unit.?®

Techniques of mitral repair

It is helpful for the echocardiographer to have a cursory understanding of the techniques
of mitral repair, to collect all of the information that will be needed by the cardiac
surgeon. Carpentier and Duran have developed most of the techniques used in mitral
valve repair, with some modifications by other institutions.®'?"=% For this short review,
the techniques of Carpentier will be highlighted.

Mitral reconstructive surgery requires optimum exposure and visualization of the
mitral leaflets and subvalvular apparatus. A median sternotomy is done and the left
atrium is opened longitudinally from the patient’s right side, posterior to the interatrial
groove beneath both vena cavae, anterior to the right superior and inferior pulmonary
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veins (figure 2.29). The heart is held open with special self-retaining retractors. The
surgeon visualizes the mitral valve through the left atrium with a perspective similar to
the transgastric short axis view at the base of the heart, with the echo image rotated 90°
clockwise. Inspection of the mitral valve (table 2.9) suggests obvious enlargement or
deformity of the annulus, prolapse or overriding of the leaflets, jet lesions, or foci of
infection. An asymmetric line of closure suggests leaflet prolapse or restriction.
Thickening of the leaflets and restriction is apparent by their lack of pliability. Mobility
of the leaflets is checked with the use of nerve hooks wrapped around the chords at their
marginal insertion, to retract gently the leaflet edges in an open and closed maneuver
assessing normal, prolapse, or restricted motion. Prolapse and elongation of the chordae
can be assessed by retracting corresponding segments for both leaflets with nerve hooks,
observing the difference between the two leaflets (figure 2.30). The P1 segment of the
posterior leaflet or the posterior leaflet segment closest to the anterior commissure
usually serves as a normal reference point for comparison of other leaflet areas, since this
segment is least prone to prolapse. Direct surgical observation in this manner is usually
better than echocardiography in identifying the specific segment of leaflet pathology.

Table 2.9 Anatomic lesions for valve repair

Lesion Number %

Annulus dilatation/deformation 171 87.6
Posterior leaflet prolapse 111 56.9
Anterior leaflet prolapse 78 40.0
Chordal elongation 128 65.6
Chordal rupture of anterior leaflet 29 14.8
Chordal rupture of posterior leaflet 98 50.2
Commissural fusion 11 5.2
Chordal fusion 16 8.2
Papillary muscle rupture 2 1.1

From Deloche A, et al. Valve repair with Carpentier techniques: the second decade. J Thorac
Cardiovasc Surg 1990;99:990-1002.
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Figure 2.29 Diagram depicting the
surgical exposure of the heart during
mitral valvular repair from the
surgeon’s perspective. Surgical
exposure of the left atrium (LA) and
mitral valve is provided by a surgical
incision extending from the superior
(SVC) and inferior vena cava (1VC),
adjacent to the interatrial groove
situated in the posterior aspect of the
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right atrium (RA), anterior to the
insertion of the right pulmonary veins
(PV). LV, left ventricle; Ao, aorta. (a—
g) Photographs during various stages
of a mitral valve repair. (a) Initial
exposure of the mitral valve. (b)
Evaluation of the anterior mitral
leaflet. (c) Evaluation of the posterior
mitral leaflet with prolapse of the
central scallop due to a ruptured
chordae. (d) Excision of the central
scallop of the posterior leaflet.

(e) Re-approximation of the posterior
leaflet with a sliding repair. (f) View of
the repaired posterior leaflet before
ring placement. (g) Finished mitral
repair with annuloplasty ring sewn in
place.
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The distribution of lesions in patients with degenerative disease has been described by
the Cleveland Clinic for 458 surgical patients.’®® Ruptured chordae tendineae to the mitral
leaflets is certainly the most common finding in surgical patients with degenerative
prolapse. Posterior chordae ruptures occurred in 41% of patients, with anterior chordae
rupture in 10%, and anterior and posterior chordal rupture in 4%.

The type of pathology that is observed dictates the mitral reparative technique used.
To achieve successful surgery, all abnormalities of the mitral apparatus must be repaired.
Frequently, the mitral pathology will require more than one technique to obtain a
satisfactory and complete repair (table 2.10).

Table 2.10 Mitral reparative technique*

Procedure Number %

Carpentier ring annuloplasty 185 955
Resection of posterior leaflet 121 62.0
Resection of anterior leaflet 37 18.9
Chordal shortening 89 45.6
Leaflet mobilization 10 5.1
Associated commissurotomy 11 5.2
Papillary muscle reimplantation 2 11
Tricuspid annuloplasty 32 16.4

*Average number of techniques per patient = 2.35.
From Deloche A, et al. Valve repair with Carpentier techniques: the second decade. J Thorac
Cardiovasc Surg 1990;99:990-1002.
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Chordal elongaion

Figure 2.30 Diagram illustrating the
surgical technique for testing chordal
length. Chordae hooks are utilized to
apply traction on different leaflet
segments in order to demonstrate
differences in chordal length
contributing to leaflet prolapse.
Although commonly performed in
mitral valve evaluation during surgical
repair, the limitations of this technique
are obvious, especially when the heart
is collapsed on cardiopulmonary
bypass.
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Figure 2.31 Posterior leaflet
quadrangular resection. Surgical repair
of a ruptured chord to the posterior
leaflet (a) involves resecting the
excessive leaflet tissue along with the
ruptured and elongated chords. In
cases requiring less than a quarter
resection of the total leaflet and when
there is not excessive height to the
remaining posterior leaflet, a simple
quadrangular resection can be
performed (b). Following resection of
the leaflet tissue (c) the remaining
leaflet tissue is sewn together and an
annuloplasty ring is placed.
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Figure 2.32 Sliding resection of the
posterior leaflet. When there is
excessive posterior leaflet tissue and/or
ruptured chordae involving a large
resection a sliding repair is performed
to decrease leaflet height and allow
reduction of the annulus. (a) Area of
the posterior leaflet to be resected. (b)
Leaflet tissue removed. (c) Annular
ring reduction sutures in place utilized
to plicate the posterior annulus. (d)
Reattachment of the posterior leaflet.
(e) Final repair after annuloplasty ring
placement.
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Figure 2.33 Diagram illustrating
chordal transfer. Chordae may be
transferred from one segment of the
same leaflet or from the opposite
leaflet to repair a ruptured chordae
tendineae. (a) Rupture chordae
tendineae of the anterior mitral leaflet.
(b) Longitudinal view of the ruptured
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chordae and attached normal
secondary chordae in close
approximation to the ruptured chordae.
(c) The ruptured chordae is surgically
removed and a neighboring secondary
chordae is excised at its leaflet
insertion and transferred to the leaflet
edge providing leaflet support in order
to prevent prolapse of that segment.

In some cases when a secondary chord
from the same leaflet may not be
sufficient to transfer, a corresponding
chord from the posterior leaflet (d)
may be excised and transferred to the
anterior leaflet. () The posterior
leaflet is then repaired (f) after the
chordae is removed and transferred
similarly to a posterior leaflet
resection. The repair is then completed
with an annuloplasty ring.

Surgical repair of a ruptured chord to the posterior leaflet involves resecting the
excessive leaflet tissue along with the ruptured and elongated chords. In cases requiring
less than 1/4 resection of the total leaflet, and when there is not excessive height to the
remaining posterior leaflet, a simple quadrangular resection can be done (figure 2.31).
Two perpendicular incisions are made from the leaflet margins to the annulus, on either
side of the involved segment. The leaflet segment is removed by an incision along the
base of the leaflet following the border of the annulus. The associated chords are then cut
near their origin at the tips of the papillary muscles. Resection is completed by surgical
plication of the annulus and approximating the remaining two edges of the remnant
posterior leaflet with intermittent sutures, so the knots are on the ventricular side of the
leaflets. In cases requiring up to 60% leaflet resection, and when there is excess tissue of
the posterior leaflet, a sliding leaflet technique is required (figure 2.32). This involves
incisions similar to a quadrangular resection, with the addition of two triangular
resections at the base of the posterior leaflet remnants to correct for excess tissue height.
All secondary and basal chords are removed from the leaflet remnants so that they are
free of restriction and tension when they are approximated later. Mattress sutures are
passed through the annulus, which circumferentially decreases the annulus by
compressing the posterior aspect of the annulus, bringing the leaflet remnants into
approximation. Each leaflet remnant is then reattached by suturing to the compressed
annulus. The two leaflet remnants are then sewn together with inverted, interrupted
sutures. The repair is completed by the insertion of a prosthetic ring.
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Figure 2.34 Diagram illustrating a
surgical method of shortening
elongated chordae tendineae. The
chordae is shortened by burying a
small length within the papillary
muscle. (a) A trench is created in the
papillary muscle. (b) With a suture an
appropriate length of the chordae is
pulled and buried in the trench created
in the papillary muscle. (c) After
burying the chordae the trench is
sutured closed.

Ruptured chordae and prolapse of the anterior leaflet are never repaired by resection,
so that the integrity and length of the anterior leaflet is preserved to ensure proper closure
against the opposing posterior leaflet. Anterior chordal ruptures are repaired by secondary
chordal transfer or transposition of chordae. In secondary chordal transfer, normal
secondary chordae from the anterior leaflet close to the ruptured chord leaflet are
removed and reattached to the margin of the leaflet to act as a primary chord (so as to
spread out the existing chords to provide leaflet integrity). Marginal or primary chords
are the most important and must be spaced about every 5 mm along the leaflet edge.
Secondary chords are of less importance and may be sacrificed to replace marginal
chords. Transposition of chordae is done by transferring chords from the posterior leaflet
to the anterior leaflet (figure 2.33). Secondary chords are removed from the posterior
leaflet by resecting a small triangular portion from the free edge of the posterior leaflet,
directly opposite the lesion of the anterior leaflet. The posterior leaflet segment and
attached chordae are sutured to the anterior leaflet edge, and the posterior leaflet is
repaired if necessary.

When there is chordal rupture of both leaflets it usually is a result of one leaflet chord
rupturing due to strain from rupture of the opposite leaflet chord. This usually involves
using both secondary chordal transfer and transposition of chordae. When chordae
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rupture near the commissures it usually involves the anterolateral commissure, and the
commissure is reconstructed by transplanting chords and surgically making a new
commissure “magic suture” stitch.

In 30% of patients, the chords are just elongated, and are not ruptured. In these
instances, a shortening plasty may be done, which entails shortening of the chords by
folding a small portion of the chord on itself and burying that portion into an incision
made longitudinally, creating a trough in the papillary muscle from which it originates
(figure 2.34). Chords may be shortened in small groups by this method, and multiple
groups may need to be shortened. Occasionally, prolapsed segments with elongated
chords may be corrected by chordal transfer techniques.

When chordae are thickened, areas of thickening can be trimmed or shaved. When
chordae are fused they can be split or debrided with a scalpel or rongeur.*'>**? In fusion
of the centrally placed chords, fenestration or the removal of triangular wedges of tissue
is done (figure 2.35). When retraction of the posterior leaflet occurs, secondary and
tertiary chords may be removed to permit better pliability of the leaflet. In cases of
subvalvular stenosis, the chords may need to be shaved to the level of the papillary
muscles, and occasionally the papillary muscles may need to be split and divided.
Although not a Carpentier technique, artificial chords have been constructed with Gore-
Tex or suture material to replace existing natural chordae.**%

Figure 2.35 Surgical techniques used
for repair in mitral stenosis. (a)
Commissural fusion or focal areas of
calcification may be removed by
debridement or excision as illustrated
in (b). The need for placement of a
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mitral annular ring is somewhat
controversial although it provides
support to the valve after the repair.
When chordae are thickened and fused,
areas of thickening can be trimmed or
shaved or when fused can be split or
debrided with a scalpel. In fusion of
the centrally placed chords,
fenestration or the removal of
triangular wedges of tissue is
performed. In cases of subvalvular
stenosis the chords may need to be
shaved to the level of the papillary
muscles and occasionally the papillary
muscles may need to be split and
divided (c) to relieve obstruction with
unrestricted valve motion.

Figure 2.36 Mitral commissurotomy.
During open mitral commissurotomy,
gentle traction is applied to the anterior
mitral leaflet to delineate further the
line of fusion allowing a more accurate
placement of the surgical incision. It is
important that the leaflets are separated
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with chordae intact to each respective
leaflet producing the best results.

In stenotic valves with commissural fusion, the commissural furrow is incised with a
scalpel blade (figure 2.36). The line of commissural fusion may be identified by placing
vertical traction on the free edge of both leaflets with nerve hooks, or by distending the
ventricle with saline. The fused commissures are incised centrally from the valve orifice
along the furrow, and should divide and spare the attached chordae to approximately a
few mm from the annulus. The chordae exposed after the separation of the commissures
are repaired in the manner previously described.

Clefts of leaflets or perforations in leaflets can be repaired by simple closing stitches
or by patches made from the patient’s own glutaraldehyde-treated pericardium (figure
2.37).3'° Complete or partial papillary muscle rupture is repaired by sewing the papillary
muscle back in place, which works surprisingly well (figure 2.38). In cases of restricted
motion due to ischemic papillary muscle dysfunction, the papillary muscles may be
removed at their base, repositioned, and re-implanted in the ventricle,

Figure 2.37 Diagram illustrating
surgical repair methods utilized in
infective endocarditis. In selected
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cases, valvular vegetations (a) can be
surgically excised as long as the
underlying tissue has not been
destroyed. When perforations develop
as a result of endocarditis, the infected
tissue may be debrided and a
pericardial patch (b) may be utilized to
close the remaining small hole.

Figure 2.38 Diagram illustrating the
reattachment of a ruptured papillary
muscle. In selected cases of partial or
complete rupture the papillary muscle
can be reattached surgically
particularly when there is good tissue
to support the sutures used in the re-
anastomaosis.

usually in a more superior position. In the purest form of Carpentier’s techniques,
pledgets are not used for the repair. Instead, a larger suture specifically designed for
reconstruction is used. Pledgets are small pieces of Teflon used to reinforce suture
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material, and are widely used in North American cardiac surgery. Pledgets are thought to
make the repair bulky, limiting mobility, and promoting thrombus formation and
potential infection. Although pledgets should be avoided, papillary muscle surgery may
require reinforcement with pledget material.

Mitral valve repair has also been extremely successful in acute and chronic cases of
bacterial endocarditis, with a low operative morbidity and mortality, and with the same
durability for the mitral reconstruction.®*"=*° Mitral valve repair is done with the usual
techniques including debridement of all infected tissue and placement of an annuloplasty
ring. With mitral valve replacement in the setting of bacterial endocarditis there is a 10—
15% risk of subsequent endocarditis in 5 years, with the greatest risk occurring in the first
6 months postoperatively. It appears that as long as the patient has been pretreated with
adequate antibiotics and all of the infected tissue is removed, mitral valve repair is
associated with a lower re-infection rate than mitral valve replacement (operative
mortality 7.4%; by actuarial methods 61 + 6% of patients are alive at 10 years and there
is no recurrence of endocarditis). Mitral valve repairs associated with a paravalvular
abscess carry the highest risk of reinfection. d’Udekem and colleagues,*? have reported
on 122 consecutive patients with active infective endocarditis and paravalvular abscess,
treated with the usual reparative techniques plus wide excision of the abscess and
reconstruction of the heart with glutaraldehyde-fixed bovine pericardium. There were
nine operative deaths (7.4%) and only one patient had persistent infection that required
re-operation. Freedom from recurrent endocarditis was 79 + 9% at 10 years.

Figure 2.39 Excision of mitral annular
calcification. When calcification
predominately occurs in the posterior
region of the annulus, exposure of the
posterior annulus is accomplished by



Atlas of multiplane transesophageal echocardiography: volumel 156

initially detaching the posterior leaflet
from the annulus. The ventricular
endothelium is then incised around the
borders of the area of calcification. The
bar of calcium is then removed in one
piece if possible to avoid
fragmentation and embolization.
Following the removal of calcium, the
trench is sutured closed and the
posterior leaflet is re-attached.

Mitral annular calcification (MAC) has been described in association with most of the
disease processes that cause mitral disease.”® Mitral valve replacement with extensive
MAC is associated with an increased risk of ventricular rupture (18%), which has not
been reported with mitral repair. Extensive annular calcification may occur, which can
distort the orifice and can influence mitral repair results unfavorably. When significant
MAC is present, dissection and debridement is done in the affected areas of the annulus
to remove it (figure 2.39). When calcification predominantly occurs in the posterior
region, exposure of the posterior annulus is accomplished by detaching the posterior
leaflet from the annulus. The ventricular endothelium is then incised around the borders
of the area of calcification. The bar of calcium is then removed in one piece if possible,
with fine dissection using scissors, creating a trench in the annulus. Careful attention
must be paid not to expose the circumflex artery or weaken the annulus by going too far
into the atrioventricular groove or the ventricular myocardium. When calcium extends to
the posterior leaflet, it is removed from the leaflet by shaving with a scalpel or debriding
with a rongeur. Following the removal of calcium, the trench is sutured closed, and the
posterior leaflet is reattached.

Whether there is associated annular dilatation or not, the surgical repair is completed
with the placement of an annuloplasty ring (figure 2.40). In cases of type | and especially
type 111 motion, an annuloplasty ring is usually all that is required for a successful repair.
The annuloplasty ring promotes remodelling of the mitral annulus, provides support for
the chordal and leaflet repairs, and promotes coaptation of the anterior and posterior
leaflets. The annuloplasty ring also promotes remodelling by providing a measured
plication of the posterior annulus and a decrease in the anterior—posterior dimension. In
this manner, the annulus is returned to its normal physiological size and shape, and
should not be restrictive to the inflow tract. Stenosis produced by the annuloplasty ring is
unacceptable, producing obstruction to inflow, and promoting systolic anterior motion of
the mitral valve and thromboembolic complications.
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Figure 2.40 Mitral valve drawing
illustrating annular dilatation. (a)
Normal mitral valve as viewed enface.
Note the normal dimensions and shape
of the mitral valve and annulus. The
width of the anterior leaflet is greater
than the posterior leaflet, which
produces a line of closure towards the
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posterior aspect of the annulus. The

normal annulus dimensions are

described by a smaller height

(anterior—posterior diameter) in

comparison to the width (transverse

diameter) with a 3:4 ratio, respectively.

(b) With annular dilatation the height

of the annulus enlarges becoming

greater than the transverse diameter.

The length, as well as the width of the

posterior leaflet enlarges which shifts

the line of closure of the mitral valve

to the center of the annulus. Annular

dilatation may occur as a consequence

of the disease process as in acute

rheumatic mitral regurgitation or

occurs as a result of secondary

ventricular enlargement. Dilatation

occurs predominantly in the posterior

aspect of the mitral annulus due to the

makeup of the annular tissue. (c)

Surgical placement of a mitral annular

ring returns the normal shape and

dimensions to the mitral valve.

When measuring for ring size it is usually best to select a larger ring size for type | and

I1 motion, and a smaller ring size for type Il motion. Ring size is measured with a sizer
supplied by the manufacturer of the ring, as the distance between the two commissures or
at the height of the mid portion of the anterior leaflet, to select a ring whose surface area
most closely matches the surface area of the anterior leaflet (figure 2.41). On average, in
adults a 32-34 mm ring is used for men and a 30-32 mm ring for women. A properly
positioned annular ring provides the normal apposition of the leaflets and avoids
obstruction. To ensure proper alignment and geometric positioning without distortion, the
natural mitral commissures must be correctly identified, and the commissure markings on
the ring must be anchored appropriately at each commissure. The midpoints of the
anterior and posterior leaflets should be oriented so that they are directly opposite each
other, making sure that the leaflets’ line of closure is parallel to the annulus of the
posterior leaflet. After placement of the ring, visual inspection yields good symmetrical

geometry of the line of closure (“smile”) for the mitral valve leaflets with respect to the
annulus.
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Figure 2.41 Diagram illustrating the
surgical measurement of the mitral
annulus for sizing the mitral annular
ring. The ring size is based on the size
and area of the anterior mitral leaflet.
Markings or grooves on the sizer
corresponds to points for matching up
to the commissures. On average 32-34
mm rings are used in males and 30-32
mm rings are used in females.
According to surgeon preference
downsizing the dimension of the mitral
annular ring may be performed in
patients with left ventricular
enlargement. Since mitral rings will
not allow for dilatation during diastole
caution must be exercised so as not to
cause stenosis and a significant
transvalvular gradient following the
repair.
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Classic

Physiologic

Carpentier Ring

Figure 2.42 Mitral valve annuloplasty
rings. (a) Carpentier—Edwards classic
(fixed) and physiological (semi-
flexible) rings. Both rings are D-
shaped imitating the normal shape of
the mitral annulus which allows for
proper closure and approximation of
the leaflets during systole through
remodeling of the distorted mitral
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annulus. To avoid annular distortion
from improper alignment of the valve
ring, markings indicate the fixation
points for respective commissures. The
fixed ring preserves the width of the
annulus and will maintain annular size
and shape during both diastole and
systole. Some flexibility is provided by
the split of the ring anteriorly. (b) The
Carpentier—Edwards physiological ring
follows the same principle as the fixed
ring in preserving the anterior aspect of
the annulus by being fixed, however,
the posterior portion allows for more
flexibility allowing the annulus to
change shape during the cardiac cycle.
(c) Mitral ring sizers are specifically
designed for measurement of the
proper ring size used during mitral
valve repair surgery. The ring size is
based on the size and area of the
anterior mitral leaflet.
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(d) Duran mitral valve ring and Duran
mitral annular band. Both rings are
extremely flexible and are not pre-
shaped. (e) Flexible Duran mitral ring
assumes the proper shape of the
annulus by surgical repair of the valve
after it is sewn in place. Controversy
exists over the type of ring utilized
during the repair and is generally based
upon the surgeons preference. (D)
Duran measurements ring sizers.
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Figure 2.43 Surgical testing for
residual mitral regurgitation. (a)
Competence of the mitral valve is
tested by inserting a syringe or catheter
through the valve and fluid is injected
filling the left ventricle. (b) Valve
leaks corresponding to mitral
regurgitation are detected when the
leaflets coapt with ventricular filling.
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Two types of annuloplasty ring are currently available, a fixed ring and flexible ring
(figure 2.42).3322 There are two Carpentier rings—the fixed “classic” ring and the semi-
flexible “physiological ring”. Both rings have a rather fixed “D” shape which promotes
remodeling of the distorted annulus to the typical systolic shape allowing proper closure
and approximation of the leaflets. With the fixed ring, the width of the annulus is
preserved and the mitral annulus will maintain its size and shape during the entire cardiac
cycle. The flexible Carpentier ring follows the same principle, in that the anterior aspect
of the ring is fixed and the posterior aspect is flexible. The anterior leaflet height dictates
the use of one ring over another. If the length is larger (excessive tissue) than the sizer,
then a “classic” fixed ring should be used, otherwise

Table 2.11 Echocardiographic findings needing a
second pump run

* Residual mitral regurgitation > 2+
No change or worsening MR
Color flow maximum jet area > 4 cm?
PVF blunted systolic forward flow
PVF systolic flow reversal
* Mitral inflow obstruction
Increased peak gradient across mitral valve
« Left ventricular outflow tract obstruction
SAM
Increased peak gradient in LVOT
* Flail leaflet
* Suture dehiscence
* Ring dehiscence
« Incomplete repair

ring choice should probably favor the physiologic ring. The Duran ring is completely
flexible, theoretically allowing for a normal elliptical annular shape during systole and a
circular shape without obstruction during diastole, and does not produce left ventricular
outflow obstruction during systole. The type of annuloplasty ring used depends on the
type of repair, valvular anatomy, or preference of the surgeon.

After placement of the annular ring and before the sutures are tied in place, the
competency of the valve is tested. Saline is injected into the left ventricular cavity. When
the cavity is filled, the mitral leaflets expand and assume their normal position.
Occasionally, the anterior leaflet may require slight unfurling, by manipulation with a
nerve hook, to expand fully. Areas of prolapse and mitral regurgitation may be visualized
in this manner (figure 2.43).

After mitral valve repair, patients receive anticoagulation for 2 months to promote
good healing and fibrosis between the repaired tissue and the exposed cloth and sutures
of the annular ring.
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Intraoperative echocardiographic evaluation of the mitral valve after
repair

After surgical repair of the mitral valve, echocardiographic analysis is done
intraoperatively, immediately after weaning of cardiopulmonary bypass, to evaluate the
success of the repair. Immediate echocardiographic evaluation is important since the
conventional surgical assessment of mitral regurgitation (filling the arrested ventricle

Table 2.12 Post pump intraoperative
echocardiography at the Cleveland clinic

Lesion (n = 611) Number (%)

Successful repair 557 (91.2)
Failed repairs 54 (8.8)
LVOT obstruction 14 (2.2)
Persistent MS 1(0.2)
Persistent flail 2(0.4)
Persistent MR 33 (5.4)
Other 4 (0.6)
From Stewart WJ, et al. The value of echocardiography in mitral valve repair. Cleveland
Clin J Med 1991;58(2):177-83.

with saline to look for a leak) is a cursory technique at best, and has not been proven
reliable compared with intraoperative echocardiography. The immediate intraoperative
transesophageal echocardiographic evaluation of the repair, assessing the degree of
residual mitral regurgitation accurately predicts the results of mitral valve repair
compared with postoperative angiographic evaluation. Assessment of the severity of
mitral regurgitation immediately after the repair gives an accurate reflection of the
results, and does not change significantly on subsequent postoperative follow-up (table
2.11).

The mitral leaflet motion is evaluated in the same manner postoperatively, to
determine the resolution of defects, and including the development of any new
abnormalities as a result of the repair. Before visualization of the heart, it is extremely
helpful to compare the preoperative echocardiographic assessment with the surgical
findings and to know what techniques were used in the mitral valve reconstruction. In
this manner, a quicker and more thorough echocardiographic evaluation of the leaflets
and subvalvular apparatus can be made, immediately after the cessation of
cardiopulmonary bypass and before decannulation. Findings that require the reinstitution
of cardiopulmonary bypass and repeat of a repair are very subjective (table 2.12). Careful
consideration and discussion with the surgeon and anesthesiologist must be made before
the initial repair is judged inadequate. Although there is a learning curve for the surgeon
for valve reconstruction, a considerable degree of experience is required by the
echocardiographer as well. Some findings are obvious, and need further surgery,
especially if the patient develops poor hemodynamics and the regurgitation or stenosis is
worse or unchanged. Less clear are cases in which, for example, the mitral regurgitation
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was severe preoperatively and after the repair there is moderate mitral regurgitation.
Depending on many factors—the age of the patient, the time already spent on bypass and

Table 2.13 Reoperations in mitral valve repair

Causes of reoperation Number

Early reoperation (<2 yr) 10
Ring dehiscence
Recurrent annular distention*
Triangular resection

Residual prolapse 4
Late reoperation (>2 yr) 13

Recurrent prolapse

Leaflet retraction 6

Valve stenosis 3

*No ring was used
From Deloche A, et al. Valve repair with Carpentier techniques: the second decade. J Thorac
Cardiovasc Surg1990;99:990-1002.

cross-clamp time, the severity of pathology, the improve ment in hemodynamics, the
experience of the echocardiographer and the surgeon etc—residual moderate
regurgitation may be acceptable. Other questions, such as whether to perform a second
repair or valve replacement, require the consideration of many of the same factors (table
2.13).

The mitral apparatus should be scanned in multiple planes to assess the continuity of
the papillary muscles, chordae, and leaflets. Occasionally, small chordae remnants that
were removed may be seen fluttering in close proximation to the papillary muscles, but
there should not be any chordae of significant length with large chaotic motion. If
chordae were shortened too much the leaflets should show restricted motion. If the
chordae remain elongated, there will be prolapse of the leaflets. Visualization of the
posterior leaflet is limited due to the presence of the annular ring after leaflet resection. In
most cases, the posterior leaflet should appear immobile and fixed in its diastolic
position. The posterior leaflet usually regains its motion within 1-6 months. There should
be no obvious prolapse of the leaflet margins in line of approximation in long axis views,
and depending on the adequacy of repair the leaflets should show their normal height
ratio (2/3 anterior to 1/3 posterior). If the line of closure is visualized in the short axis
plane, it should be placed posteriorly in the ventricle and follow the line of the posterior
annulus. Small suture ends may be seen around the annular ring in long axis or short axis
views. Suture dehiscence is characterized by long sutures that show obvious chaotic
motion throughout the cardiac cycle. Use of the zoom feature or decreasing the
echocardiographic field depth may help resolve the normality or abnormality of these
findings.

Usually a remodelling annuloplasty ring may be visualized in the region of the mitral
annulus, in the short axis proximal transgastric view at 0°-30°, as represented by
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Figure 2.44 Systolic anterior motion
(SAM) following repair. SAM of the
mitral valve may be produced
following mitral repair due to
excessive height of the posterior
leaflet, which pushes the line of
closure anteriorly towards the left
ventricular outflow tract. SAM may
also be produced when too small an
annuloplasty ring is utilized for the
repair, especially in hypertrophic
ventricles with small cavity
dimensions.

increased echogenicity, hyper-reflectivity, and shadowing similar to a prosthetic valve,
with the shape of ring and the annulus approximating its normal D-shape. A small
decrease in the mitral valve area will be observed by the Doppler pressure half-time
method, for both the Carpentier rings or flexible Duran ring.** There should not be a
significant increase, however, in the peak transmitral diastolic velocity, peak transmitral
diastolic gradient (8 + 4 mmHg), mean transmitral diastolic gradient (3 + 2 mmHg), or
the grade of mitral regurgitation despite the reduction in valve area for any of the ring
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types. Although patients with flexible rings have better left ventricular function initially
after the repair, no significant difference is shown at 1 year after surgery. When suture
dehiscence is present about the annular ring, the annular ring will have a rocking motion,
back and forth throughout the cardiac cycle.

Color flow mapping is done to determine a reduction in the severity of mitral
regurgitation compared with preoperative values. Residual mitral insufficiency is
frequently directed in a different direction after the repair, but the maximum jet area or
the jet area/left atrial area ratio should be decreased in comparison to preoperative
measurements. If necessary, the regurgitant orifice area may be calculated from the vena
contracta or flow convergence method. Pulsed Doppler interrogation of the pulmonary
veins should show improvement or increase in the systolic forward flow, normalizing the
systolic : diastolic ratio, and preoperative systolic flow reversal should be eliminated.

In about 80% of cases, successful valve repair results in trivial or no mitral
regurgitation (at experienced centers), and an acceptable result should yield below 2+
mitral regurgitation.’®® Mild or trivial mitral regurgitation after mitral valve repair may be
related to left ventricular function or persistent abnormality of the mitral apparatus.
Patients with chronic heart disease and severe left ventricular failure may show residual
mitral regurgitation immediately after heart activity has resumed, secondary to increased
afterload. Type Il or restricted leaflet motion may be observed after ischemic arrest due
to transient left ventricular dysfunction. With continued monitoring during the
completion of surgery, leaflet motion normalizes, coinciding with the return of left
ventricular function. Occasionally, patients receiving inotropic and vasodilatory drugs
who have reduced ventricular filling (as seen immediately after weaning from bypass)
may develop left ventricular outflow obstruction with mild to moderate mitral
regurgitation after repair. Correction of hemodynamics usually results in the
disappearance of left ventricular outflow obstruction and mitral regurgitation. Other
causes of mild regurgitation not specifically related to the mitral repair may be abnormal
cardiac rhythms, such as ventricular tachycardia or paced rhythms.

A failed mitral valvular repair should be considered when there is no detectable
change in the severity of mitral regurgitation from preoperative values, or there is 2+ or
greater mitral insufficiency in the setting of normal left ventricular function. The
prevalence of failed mitral valvular repair resulting in a second pump-run is about 8% as
reported by the Cleveland Clinic, and may be slightly higher depending on the experience
of the surgical team (table 2.13)."° Immediate failures may be the result of left
ventricular outflow tract obstruction (3%), incomplete correction, and suture dehiscence
of the annular ring or valve repair. Late failure after mitral repair is primarily due to
progression of the underlying disease, especially with degenerative disease. Late failure
may also be attributable to the degree of surgical experience and the difficulty of the
techniques used during the repair. Chordal shortening techniques and repairs of the
anterior leaflet with redundant excessive tissue are technically difficult since they require
the proper assessment of length and elongation in the arrested and empty heart. Suturing
the papillary muscle may be difficult in cases of reattachment after muscle rupture and
burying chords in the papillary muscle for chordal shortening, which may result in early
or late suture dehiscence.



Mitral valvular disease 169

Case 2.1 Mild mitral stenosis. The
structural and functional abnormalities
of mitral stenosis can be easily
demonstrated with multiplane TEE
including fibrosis, calcification and
restriction of motion (diastolic
doming) in multiple scanning planes
obtained from the lower esophageal
window. Conventional and color
Doppler evaluation of the left
ventricular inflow tract is easily
performed with a parallel plane to
mitral flow. (a) Diastolic frame
obtained at O°illustrating mildly
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thickened mitral leaflets and diastolic
doming (arrow). The anterior leaflet is
towards the septum and the left of the
image with the posterior leaflet to the
right of the image. Valve opening can
also be visually assessed during
diastole as well as valve closure during
(b) systole. (c) Color flow Doppler in
diastole demonstrating a stenotic jet
(arrow) through the mitral valve. (d)
Color flow Doppler during systole
demonstrates a small regurgitant jet
(arrow). Rheumatic disease often
presents as a mixed lesion with both
stenosis and regurgitation.

Left ventricular outflow tract obstruction complicates mitral valve repair in 3-5% of
cases, with or without residual mitral regurgitation (figure 2.44).3273% After mitral repair,
resting gradients in the left ventricular outflow have been measured from 0 to 44 mm Hg,
which may significantly increase with isoproterenol stimulation. Left ventricular outflow
tract obstruction is most common in degenerative posterior leaflet prolapse, and has not
been reported after the repair of type | mitral regurgitation or rheumatic disease
producing restrictive or prolapsed leaflets. The development of outflow tract obstruction
has been eliminated largely with the second generation of Carpentier repair
techniques.®* In the first decade of repair, smaller rings were used more frequently, and
resection of the posterior leaflet was not accompanied by shortening of the height of the
leaflet. Left ventricular outflow tract obstruction has been attributed to reduction in size
of the mitral annulus, secondary to the annuloplasty ring. With the placement of the
annular ring, the posterior left ventricular wall and the posterior mitral leaflet are directed
anteriorly towards the aorta, resulting in significant narrowing of the mitro-aortic angle to
120°-100°. Additionally, both leaflets were displaced into the left ventricular outflow
tract. This distortion in ventricular geometry pushes the left ventricular inflow into the
left ventricular outflow tract, with forward diastolic flow directed toward the ventricular
septum instead of toward the ventricular apex. Excess tissue of the posterior leaflet (> 1
cm height) in conjunction with the annular ring causes the posterior leaflet to close first,
and pushes the anterior leaflet and thus the line of leaflet closure towards the left
ventricular outflow tract, producing systolic anterior motion (SAM). The left ventricular
outflow tract and mitral valve leaflet motion should be carefully assessed in the deep
transgastric view at 0°, or in the lower esophageal position between 90° and 180°, to
assess proper leaflet aspect during systole and diastole, and the presence of SAM. Using
these same views, color flow Doppler imaging of the inflow and outflow jets shows the
direction and orientation of blood flow. Forward diastolic flow from the mitral orifice is
directed anteriorly in the ventricle, while the reverse flow is deflected along the
posterobasal wall and upward toward the mitral valve and aorta.
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Rotating the transducer to 90° (e) diastolic doming
(arrows), with restricted opening is again demonstrated,
with valve closure during (f) systole. (g) Continuous
wave Doppler through a mildly stenotic mitral valve
orifice demonstrates increased E and A wave
velocities, with a normal pressure half-time. (h) At 90°
left pulmonary venous Doppler is performed
demonstrating normal systolic (S) and diastolic (D)
flow profiles. LA, left atrium; LV, left ventricle; RV,
right ventricle.
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Case 2.2 Mild mitral stenosis and
regurgitation. Thickening and diastolic
doming of the mitral valve leaflets
with mild restriction of opening during
early diastole (a) and end diastole (b)
at 0° in the lower esophageal window.
(c) Systolic frame demonstrating
leaflet closure. (d) Color flow Doppler
performed with the transducer rotated
to 110° demonstrating flow
convergence through the stenotic
mitral orifice. Flow convergence can
be best visualized through adjusting
the aliasing velocity.
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(e) Systolic frame demonstrating a
mild mitral regurgitant jet. Color flow
Doppler can also be useful for
directing conventional Doppler (f)
pulsed wave or (g) continuous wave
through the stenotic valve orifice.
Conventional Doppler demonstrating
increased velocity of the e wave
(arrows) and lack of an a wave during
atrial fibrillation. Pressure half-time
can be estimated with continuous wave
Doppler. LA, left atrium; LV, left
ventricle; RV, right ventricle.



Atlas of multiplane transesophageal echocardiography: volumel 174

Case 2.3 Moderate mitral stenosis and
mild regurgitation. The mitral leaflets
are thickened and restricted with
decreased amplitude of opening during
diastole (a) and with color flow
Doppler a stenotic jet (b) is
demonstrated. Note diastolic doming is
often less noticeable as the severity of
mitral stenosis increases.
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In systole (c) the mitral regurgitant jet is not identified
until the transducer is rotated to 110° (d). With
thickening and calcification of the mitral leaflets the
subvalvular apparatus may not be visualized requiring
additional echocardiographic views. Marked thickening
and calcification and shortening of the chordae
tendineae and papillary muscles are appreciated during
systole (e) and diastole (f) in the gastric view in the
horizontal projection at 90° in the same patient. The
annular dimension and extent of calcification can also
be seen in these views to assist in determining the
proper plane for planimetry of the valve orifice when
the transducer is rotated back to 0°. LA, left atrium; LV
left ventricle.
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Case 2.4 Severe mitral stenosis. Marked thickening
and calcification of the mitral valve leaflets with
significantly restricted opening in diastole (a) at 0° in
the lower esophageal views. Rotating the transducer to
135° (b) allows further interrogation of the mitral valve
and in addition illustrates a stenotic aortic valve. Color
flow Doppler at 135° demonstrating flow convergence
of the mitral stenotic jet during diastole (c) and a mitral
regurgitant jet (d) with turbulent and stenotic flow
across the aortic valve during systole. (e) Visualizing
the left atrial appendage demonstrates a thrombus at
10° in the upper esophageal view. LA, left atrium; LV,
left ventricle; RV, right ventricle; LAA, left atrial
appendage.
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Case 2.5 Moderate mitral stenosis. (a)
Marked left atrial enlargement with
diastolic doming of the restricted and
thickened leaflets. The posterior leaflet
is heavily calcified and exhibits
severely restricted motion. (b)
Echocardiographic smoke (arrow)
identified in the body of the left atrium
denoting sluggish blood flow due to
the restricted mitral valve opening. (c)
Closure of the mitral valve leaflets.
Echocardiographic smoke (arrow). LA,
left atrium; LV, left ventricle; RA,
right atrium; RV right ventricle.
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Case 2.6 Severe mitral stenosis. (a)
Marked annular calcification and
calcified mitral leaflets. (b) During
systole a mitral regurgitant jet (arrow)
is demonstrated. (c) Gastric transducer
position at 0°at the ventricular basal
level demonstrates the typical small
left ventricle (LV) of severe mitral
stenosis with a flattened septum and a
dilated right ventricle (RV) consistent
with right ventricular pressure
overload. (d) With slight withdrawal of
the transducer to the esophagus the
mitral valve (MV) orifice may be
visualized for estimation of orifice
area.
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(e) Views of the left atrial appendage
(LAA) demonstrate a thrombus and
echocardiographic smoke. Pulsed wave
Doppler interrogation of the left atrial
appendage (f) demonstrates fibrillatory
waves (arrows) with atrial fibrillation
and diminished flow velocity in the
appendage as a precursor for smoke
and thrombus formation. LA, left
atrium; RA, right atrium, RVOT, right
ventricular outflow tract; AV, aortic
valve.
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Case 2.7 Severe mitral stenosis. (a) Left atrial
enlargement with diastolic doming of the mitral leaflets
with restricted opening. (b) Markedly enlarged left
atrium in comparison to a small left ventricle with
rotation of the transducer to 125°. (c) Bi-atrial
enlargement with small ventricular cavities in a patient
with rheumatic disease illustrating a restrictive
component from associated pericardial involvement.
(d) Annular plane exhibiting marked calcification. (e)
Marked left atrial enlargement including the left atrial
appendage (LAA). LA, left atrium; LV, left ventricle;
RA, right atrium; RV, right ventricle; AV, aortic valve.

180
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Case 2.8 Calculation of the mitral
valve orifice in mitral stenosis. The
PISA method can be utilized to
measure the stenotic valve orifice area.
(a) Stenotic mitral valve obtained in
the lower esophageal view at 0°. The
leaflets are thickened and calcified and
mitral valve opening is not readily
identified. (b) Color flow Doppler
demonstrating the mitral stenotic jet
during diastole. With normal aliasing
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velocity and standard
echocardiographic depth settings the
proximal flow convergence is not well
visualized. Utilizing the zoom or RES
feature of the echocardiographic
equipment this area can be magnified
for measurement. Decreasing the color
flow aliasing velocity and shifting the
baseline allows for better visualization
(c,d,e) of the area of first alias (arrow)
allowing more accurate measurement
of the radius and determining the angle
of the mitral leaflets. (f) Continuous
wave Doppler recording of mitral
stenosis, demonstrating an averaged
maximum velocity (arrows) of 2.9
m/sec. Mitral regurgitation is also
demonstrated above the baseline
during systole. LA, left atrium; RA,
right atrium; LV, left ventricle; RV,
right ventricle
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Case 2.9 Severe rheumatic mitral stenosis. (a) Marked
left atrial enlargement, with color flow Doppler
demonstrating a mitral stenotic jet. (b) Continuous
wave Doppler directed by the color flow stenaotic jet in
(a), exhibits increased maximal gradient and a
prolonged pressure half-time. (c) Color flow Doppler
demonstrating an associated mitral regurgitant jet
(arrow). (d) The same color flow Doppler regurgitant
jet visualized in (c) as visualized at 90°. (e)
Visualization of the aortic valve in the upper
esophageal view at 45°. The aortic valve is stenotic
with reduction of valve area during systole. Multiple
valvular lesions frequently occur in rheumatic disease.
(f) The aortic valve during diastole exhibits marked
calcification during closure. LA, left atrium; PA,
pulmonary artery.
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Case 2.10 Left atrial thrombi are frequently associated
with mitral stenosis. (a) Left atrial thrombus at the
origin or left atrial appendage (arrow). (b) Left atrial
thrombus (arrow) attached to the superior, posterior
wall of the left atrium. (c) Left atrial thrombus (arrow)
projecting into the left atrial cavity visualized at 60°
from the lower esophageal window. (d) A laminated
left atrial thrombus (arrow) attached to the posterior
wall of the left atrium visualized at 75°. (e) A left atrial
appendage thrombus (arrow) protruding into the body
of the left atrium. (f) Left atrial thrombus buried in the
apex of the left atrial appendage. LA, left atrium; LV,
left ventricle; LAA, left atrial appendage.
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Case 2.11 Coexistent abnormalities
associated with mitral stenosis. (a)
Tricuspid regurgitation demonstrated
by color flow Doppler. (b) Continuous
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wave Doppler guided by the color flow
regurgitant jet in (a). The maximum
velocity recorded is greater than 3
m/sec consistent with pulmonary
hypertension. (c) Atrial septal
aneurysm (arrow). (d) Tricuspid
regurgitation jet in the same patient
wraps around and outlines the atrial
septal aneurysm. (e) The bi-caval view
obtained at 90° in the upper esophageal
position, visualizing the atrial septum.
Thinning of the atrial septum is noted
in the region of the foramen ovale. (f)
Color flow Doppler in the same patient
demonstrating a left to right shunt
(arrow) in the region of the atrial
septum. LA, left atrium; RA, right
atrium; SVC, superior vena cava.
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Case 2.12 Measurement of mitral
valve area in mitral stenosis. (a)
Planimetery of the valve orifice (dotted
circle) can be performed in the short-
axis views. Care must be taken in order
to measure the valve area at the
appropriate plane. In addition, heavily
calcified valves may produce blooming
of the echo interface and obscure the
true valve opening, overestimating the
severity of stenosis. (b) Continuous
wave Doppler through the mitral valve
orifice. The maximum and mean
gradient, as well as the pressure half-
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time may be measured with continuous
wave Doppler. A newer method for
calculating mitral valve areas utilizes
the vena contracta of the stenotic color
flow jet. With the vena contracta
method, the mitral valve area is
calculated by measuring the width of
the color flow jet at the level of the
stenotic valve orifice (vena contracta)
in one (c) or two perpendicular planes
(d). LA, left atrium; LV, left ventricle.
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Case 2.13 Multiplane TEE during mitral valvuloplasty.
TEE imaging may be utilized during the balloon
valvuloplasty procedure for the positioning of
catheters, puncturing the atrial septum, determining
balloon sizing and evaluating valve opening and mitral
regurgitation after balloon dilatation. A clear advantage
of multiplane TEE imaging is afforded by rapidly
obtaining multiple views
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with the least probe manipulation. (a)
View of the atrial septum and ideal
catheter position (arrow) for crossing
the atrial septum. The balloon catheter
(arrow) is advanced into the left atrium
(b), and across the mitral valve (c) and
(d). Proper balloon position (arrow) is
confirmed in the stenotic orifice (e)
and (f). Progressive inflation of the
balloon at 0° and 90° (g-I).
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Deflation of the balloon at 0° and 90°
(m-r). LA, left atrium; RA, right
atrium; Ao, aorta; LV, left ventricle;
LAA, left atrial appendage.
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Case 2.14 Following the procedure, a
TEE examination is performed to
determine the development of new
mitral regurgitation and residual
shunting across the atrial septum
following of the catheters. (a) Small
defect in the atrial septum following
the removal of the balloon catheter. (b)
Mitral valve closure, point of leaflet
coaption (arrow). Heavy calcification
is noted in the annular plane. Color
flow doppler demonstrating new mitral
regurgitation at 45° (c) and 90° (d).
LA, left atrium; RA, right atrium;
RVOT, right ventricular outflow tract.
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Case 2.15 Mitral annular calcification. Calcification of
the posterior mitral annulus (arrow) during diastole (0°
(@) and 90° (c)) and systole (0° (b) and 90° (d)). (e)
Color flow Doppler through the mitral valve orifice
during diastole demonstrating turbulence (arrow) and
mild mitral regurgitation (arrow) during systole (f).
LA, left atrium; LV, left aventricle.
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Case 2.16 Severe mitral annular
calcification. (a) Severe calcification of
the anterior and posterior annulus of
the mitral valve (arrows). Calcification
extends in the posterior leaflet. (b)
Adequate motion is exhibited by the
anterior leaflet during diastole,
however, the posterior leaflet appears
severely restricted. (c) During systole
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only the annulus is visualized during
valve closure. (d) Color flow Doppler
recorded during diastole demonstrates
a high velocity turbulent jet (arrow),
resembling the flow jet of mitral
stenosis. (e) Color flow Doppler
demonstrating a mitral regurgitant jet
(arrow) during systole. LA, left atrium.

Case 2.17 Severe mitral annular calcification. (a)
Severe calcification of the anterior and posterior
annulus of the mitral valve (arrows). (b) During systole
only the annulus is visualized during valve closure. ()
Color flow Doppler recorded during diastole
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demonstrates a high velocity turbulent jet (arrow). (d)
Color flow Doppler demonstrating mitral regurgitant
jet (arrow) during systole. (e) Pulsed wave Doppler
directed by the color flow jet demonstrating increased e
wave velocity and mitral regurgitation. (f) Pulsed wave
Doppler of pulmonary venous flow demonstrating flow
reversal during systole suggesting significant mitral
regurgitation. S, systolic flow; D, diastolic flow.

Case 2.18 Parachute mitral valve. Deep transgastric
view of the subvalvular apparatus during diastole (a)
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and systole (b). Chordae tendineae appear to be
attached from only one papillary muscle that originates
from the ventricular apex. (c) Color flow Doppler
during systole demonstrating the direction of forward
flow (arrow) through the mitral apparatus. (d) Short-
axis view of the left ventricle at the mid-ventricular
level. The papillary muscles are grouped tightly
together and originate from the inferior wall. (¢) Color
flow Doppler demonstrating flow during systole.

(f) Thickening of the mitral valve
leaflets tips is demonstrated during
systole. (g) Restricted opening of the
mitral valve leaflets demonstrated by
diastolic doming and high velocity
color flow through the mitral valve
orifice. (h) Short axis demonstrating
the restricted valve area of the mitral
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valve. (i) Continuous wave Doppler of
the left ventricular inflow tract
demonstrating a 2m/sec flow velocity
across the mitral valve. LA, left
atrium; LV, left ventricle; AL, anterior
leaflet; PL, posterior leaflet.

Case 2.19 Mitral annular dilatation. Short-axis
echocardiographic images of the mitral valve recorded
through diastole to systole. (a) Early diastole. (b) Mid
diastole. (c) Atrial systole. (d) End diastole. (e) End
systole. AML, anterior leaflet; PML, posterior leaflet.
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Case 2.20 Mitral annular dilatation. Four-chamber
view from the lower esophageal window at 0°. Note
mitral valve leaflet motion appears normal in this view,
anterior leaflet (solid arrow) and posterior leaflet (open
arrow). The only noticeable abnormality is mild
annular dilatation. (a) Early diastole. (b) Mid diastole.
(c) Atrial systole. (d) End diastole. (e) End systole. RA,
right atrium; LA, left atrium; RV, right ventricle; LV,
left ventricle.
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Case 2.21 Mitral annular dilatation. Mitral leaflet
motion appears normal, however the leaflets appear
small during closure in relation to the enlarged mitral
annulus. (a) Early diastole. (b) Mid diastole. (c) End
diastole. (d) End systole. (e) Systolic frame
demonstrating a centrally directed mitral regurgitation
(arrow) jet with color flow Doppler. (f) Early diastole.
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(9) Mid diastole. (h) Systole. (i) Color Doppler during
systole demonstrating a central mitral regurgitant jet.
(j) Diastolic frame at 125°. (k) Systolic frame at 125°.
() Color Doppler during systole demonstrating a
central mitral regurgitant jet. A, anterior leaflet (solid
arrow); P, posterior leaflet (open arrow); LV, left
ventricle; LA, left atrium; Ao, aorta; RVOT, right
ventricular outflow tract; RV, right ventricle.
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Case 2.22 Mitral annular dilatation. (a) Systolic frame
demonstrating annular dilatation. (b) Mild mitral
regurgitation (arrow). (c) Severe mitral regurgitation
(arrow) with pharmacological provocation. (d)
Diastolic frame of mitral annuloplasty ring (arrows)
following mitral repair. (e) Systolic frame following
mitral repair. (f) Color flow Doppler recorded during
systole with trace mitral regurgitation (arrow). LA, left
atrium; LV, left ventricle; AML, anterior leaflet (solid
arrow); PML posterior leaflet (open arrow).
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Case 2.23 Mitral annular dilatation and mitral
regurgitation. (a) Color flow Doppler demonstrating a
centrally directed regurgitant jet with annular dilatation
viewed at 0°. (b) When viewed at 75°, the centrally
directed jet is demonstrated as two separate jets. With
annular dilatation two regurgitant jets are frequently
seen originating from both corners of the valve. (c) A
single regurgitant jet is again visualized at 110°. (d)
Anatomical specimen of the mitral valve illustrating
the line of closure. With annular dilatation, one or
multiple jets can originate anywhere along the line of
closure most frequently in the corners of the leaflets
near the commissures.
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Case 2.24 Mitral valve prolapse. Short-axis
echocardiographic images of the mitral valve recorded
from diastole through systole. In all stages of the
cardiac cycle the valve motion appears distorted and
valve opening more circular than with normal motion.
This may also be attributed to annular dilatation, which
frequently accompanies prolapse. Maximum valve
opening occurs during early diastole and not during
atrial systole. (a) Early diastole. (b) Mid diastole. (c)
Atrial systole. (d) End diastole. (e) End systole. AML,
anterior leaflet; PML, posterior leaflet.
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Case 2.25 Mitral valve prolapse.
Views obtained from the lower
esophageal window at 0° from diastole
to systole. (a) Early diastole. (b) End
diastole. (c) Systole. The mitral valve
appears thickened especially near the
leaflet tips throughout the cardiac
cycle, consistent with myxomatous
degenerative changes in the leaflet
tissue. In addition there is mild mitral
annular calcification noted in the
posterior annulus. LA, left atrium; LV,
left ventricle.
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Case 2.26 Mitral valve prolapse.
Views obtained from the lower
esophageal window at 0° from diastole
to systole (a—d). The mitral leaflets
appear markedly thickened in all
views, with billowing of the leaflet
tissue into the left atrium. The lack of
leaflet coaption or prolapse of the
posterior leaflet is demonstrated in the
systolic frame (d). LA, left atrium; LV,
left ventricle; AML, anterior leaflet
(closed arrow); PML, posterior leaflet
(open arrow).
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Case 2.27 Mitral valve prolapse.
Views obtained from the lower
esophageal window at 75° from
diastole to systole (a—c), in the same
patient as in Case 26. Marked
billowing (arrows) of the posterior
leaflet superimposed on the plane of
the anterior mitral leaflet.
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Case 2.28 Mitral valve prolapse.
Views obtained from the lower
esophageal window at 120° from
diastole to systole (a—c), in the same
patient as in Case 26. Marked
billowing (arrows) of the posterior
leaflet superimposed on the plane of
the anterior mitral leaflet. LA, left
atrium; LV, left ventricle; RV, right
ventricle.
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Case 2.29 Associated findings in mitral valve prolapse.
(a) Mitral annular calcification (solid arrow) and
elongated redundant chordae of the anterior leaflet
(open arrow). (b—d) Ruptured chordae tendineae and
flail posterior leaflet segment (arrows). (e) Ruptured
chordae (arrow) noted in the left ventricle. (f) Calcified
chordae tendineae (arrow) of the posterior leaflet. LA,
left atrium; LV, left ventricle; AV, aortic valve; RVOT,
right ventricular outflow tract.
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Case 2.30 Mitral valve prolapse with a ruptured
anterior leaflet chordae tendineae occurring
immediately following cardiopulmonary bypass. (a)
Systolic frame demonstrating valve closure. (b) Color
flow Doppler demonstrating mild regurgitation. (c)
Pulsed Doppler recording the pulmonary vein
demonstrating normal systolic (S) and diastolic (D)
flow profiles. Immediately following weaning from
cardiopulmonary bypass, enlarged views of the anterior
mitral leaflet at 0° (d) and 90° (e) demonstrating a
ruptured chordae (arrow). (f) Pulsed Doppler recording
of the pulmonary vein demonstrating systolic flow
reversal (arrow) and predominance of diastolic flow,
suggesting severe regurgitation. Color flow Doppler of
a new posteriorly directed mitral regurgitant jet at 45°
(9) and 15° (h).
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Case 2.31 Ruptured chordae tendineae to the posterior
leaflet. The ruptured chordae (arrow) is demonstrated
freely moving from the left ventricle to the left atrium
during the cardiac cycle. Views obtained from systole
to diastole (a—d) at 0°. (e) Systolic frame at 90°
demonstrating the rupture chord prolapsing freely into
the left atrium. (f) Color flow Doppler at 0°
demonstrating an anterior directed mitral regurgitant jet
(arrow). (g) Pulsed wave Doppler recording of
pulmonary venous flow demonstrating a nearly normal
pulmonary venous flow despite a significant
regurgitant jet. S, systolic flow; D, diastolic flow.
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Case 2.32 Ruptured chordae tendineae. (a) Diastolic
frame from the lower esophageal window at 90°
demonstrates a large left atrium and normal valve
opening. (b) Systolic frame demonstrates the ruptured
chord (arrow) projecting into the left atrium. (c)
Systolic frame with color flow Doppler yields
moderate mitral regurgitation (arrow). Although the jet
appears to be directed posteriorly in this view, it is
tempting to label the ruptured chord to the anterior
leaflet, however the ruptured chord was attached to the
posterior leaflet. (d) Gastric view at 90° demonstrates
the ruptured chord projecting into the left atrium. The
gastric and deep transgastric views are extremely
useful for evaluating the subvalvular apparatus when
there are questions from the other views. LA, left
atrium; LV, left ventricle; AML, Anterior leaflet
(closed arrow); PML, Posterior leaflet (open arrow).
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Case 2.33 Ruptured chordae tendineae with a flail
posterior leaflet. To construct a mental three-
dimensional image, multiple views may be necessary to
demonstrate all of the associated pathology especially
when describing the abnormalities prior to mitral valve
repair. (a) Systolic frame from the lower esophageal
window at 0° demonstrating a ruptured chordae and
flail posterior leaflet (arrow). (b) Systolic frame from
the deep transgastric window at 0° demonstrating the
ruptured chordae. (c) Systolic frame from the lower
esophageal window demonstrating marked billowing of
the P2 or central scallop (arrow) of the posterior leaflet
superimposed on a normal anterior leaflet.
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(d) Color flow Doppler from the lower esophageal
window at 0° demonstrating severe mitral regurgitation
directed anteriorly towards the atrial septum. (e) Color
flow Doppler after sight withdrawal and rightward
rotation of the probe demonstrates the mitral
regurgitant jet hugging the atrial septum and wrapping
around the atrium. (f) Color flow Doppler of the severe
mitral regurgitant jet obtained at 125°. LA, left atrium;
LV, left ventricle; Ao, aorta; RA, right atrium; RV,
right ventricle.
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Case 2.34 Mitral valve prolapse and SAM. (a) End-
diastolic frame from the deep transgastric window at
10°, demonstrating elongated and thickened chords
(arrow). (b) Systolic frame demonstrating systolic
anterior motion or SAM (arrow). (c) Color flow
Doppler from the lower esophageal window at 0°
demonstrating billowing and prolapse of the mitral
valve leaflets with associated mitral regurgitation and
accelerated and disturbed flow in the left ventricular
outflow tract. (d) Continuous wave Doppler obtained
from the deep transgastric window demonstrating high
velocity flow in the outflow tract.
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(e—h) Systolic frames obtained from
the lower esophageal window at 0°
with anteflexion of the probe
highlights the systolic motion of the
chordae tendineae throughout systole
(arrows). Marked billowing of both
mitral leaflets is noted in all frames
with prolapse of the posterior leaflets
demonstrated in (h).
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Case 2.35 Ruptured papillary muscle. (a) Diastolic
frame from the short axis view at the mid ventricular
level, 0°, demonstrates partial rupture of the anterior
papillary muscle. (b) Systolic frame demonstrating
partial rupture of the papillary muscle. (c) Diastolic
frame at 45° demonstrates the chaotic motion of the
papillary muscle. Systolic frame from the lower
esophageal window at 0° (d), 110° (e) and 90° (f)
demonstrates multiple echodensities (arrow) near the
papillary muscle.
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Although partial rupture of the
papillary muscle usually produces
dramatic mitral regurgitation (g),
careful inspection of the papillary
muscles must be performed in multiple
views to document the defect. In
addition to the papillary muscle
abnormality, the anterior left
ventricular wall was noted to be
severely hypokinetic. Although partial
rupture of a papillary muscle may be
suggested by transthoracic imaging,
the definitive diagnosis of partial
rupture of a papillary muscle is made
with TEE. LA, left atrium; LV, left
ventricle; RA, right atrium; RV, right
ventricle.
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Case 2.36 Ruptured papillary muscle.
(a) Mid-ventricular short-axis view
demonstrates a freely, floating
posterior papillary muscle in diastole.
(b) Systolic frame from the mid-
esophageal window of the base of the
heart demonstrates the papillary
muscle (arrow) prolapsing into the left
atrium above the mitral valve annular
plane. (c,d) Systolic frames from the
lower esophageal window at 0°
illustrating the ruptured papillary
muscle (arrow) prolapsing through the
mitral valve plane.
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(e,f) Color flow Doppler
demonstrating mitral regurgitation
associated with the ruptured papillary
muscle. (g) Pulsed wave Doppler of
the left upper pulmonary vein
demonstrating systolic (S) flow
reversal (arrow) and diastolic (D) flow
predominance suggesting severe mitral
regurgitation. LA, left atrium; LV, left
ventricle; RA, right atrium.
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Case 2.37 Papillary muscle
hemorrhage. (a—c) Short-axis views at
the mid-ventricular level at 10°
demonstrating hemorrhage of the
posterior papillary muscle during the
cardiac cycle. The papillary muscle
appears enlarged with multiple cystic,
echo free areas within the confines of
the papillary muscle. (d) Color flow
Doppler demonstrating mitral
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regurgitation associated with the
dysfunction of the papillary muscle. (e)
Systolic frame from the lower
esophageal window at 90° highlights a
posterior wall infarction and small
ventricular aneurysm (arrows) of that
area. Papillary muscle hemorrhage
usually produces mitral regurgitation
through restriction of leaflet motion
(type 111) rather than by prolapse of the
leaflet as associated with rupture or
partial rupture of the papillary muscle.
Similarly to partial rupture of a
papillary muscle, the resolution
provided with TEE is needed for a
definitive diagnosis. LA, left atrium;
LV, left ventricle.
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Case 2.38 Type I, restricted mitral regurgitation.
Short-axis echocardiographic images of the mitral
valve recorded from diastole through systole. (a) Early
diastole. (b) Mid diastole. (c) Atrial systole. (d) End
diastole. (e) End systole. Note all leaflet motion is
produced by the anterior leaflet, with the posterior
leaflet remaining fixed and non-mobile during the
entire cardiac cycle. With type 11 restricted motion,
severe mitral regurgitation usually does not occur until
there is co-existent annular dilatation. AML, anterior
leaflet; PML, posterior leaflet.
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Case 2.39 Type Il mitral regurgitation. (a—c) Frontal
views of the mitral valve obtained from the lower
esophageal window at 0°from diastole to systole in the
same patient in Case 38. The anterior mitral leaflet is
on the left and the posterior leaflet (arrow) is on the
right. The posterior leaflet is thickened with mild
calcification and is relatively immobile during the
cardiac cycle. LA, left atrium; LV, left ventricle.

224
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Case 2.40 Type I mitral
regurgitation. Mitral valve images
obtained from the lower esophageal
window at 125° in diastole (a) and
systole (b), demonstrating an
immobile, fixed posterior leaflet
throughout the cardiac cycle. (c) Color
flow Doppler of the left ventricular
inflow tract depicting high velocity
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flow (arrow) across the mitral orifice
suggesting a mild degree of
obstruction associated with the fixed
leaflet. (d) Color flow Doppler during
systole demonstrating mitral
regurgitation (arrow). Restriction to
the posterior leaflet may not
necessarily be symmetrical or involve
the entire leaflet. Obviously since there
are three scallops and intervention by
two papillary muscles from different
regions of the myocardium, depending
on the pathology responsible for the
restrictive process only part of the
posterior leaflet may be involved. It is
important to view the entire posterior
leaflet in multiple views in order to
diagnosis type 111 motion. LA, left
atrium; LV, left ventricle; AV, aortic
valve.
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Case 2.41 Type 11 mitral regurgitation. Mitral valve
images obtained from the lower esophageal window at
0° in diastole (a), mid-diastole (b) and systole (c)
demonstrating an immobile posterior leaflet (arrow).
(d) Color flow Doppler demonstrating significant
mitral regurgitation. Often, type 11 mitral regurgitation
only requires an annuloplasty ring during repair to
eliminate the regurgitation. Postoperative views in the
same patient, (e) demonstrating a mitral annuloplasty
ring (arrows), (f) color flow Doppler demonstrating the
absence of mitral regurgitation. LA, left atrium; LV,
left ventricle.
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Case 2.42 Type 11 mitral regurgitation. (a,b) Mitral
valve images obtained from the lower esophageal
window at 0°. The posterior leaflet is immobile
throughout the cardiac cycle. In systole (c) a small
portion of the leaflet prolapses past the anterior leaflet.
At the time of surgery there was a small flail segment,
although the major pathology was restrictive. (d) Color
flow Doppler demonstrating mitral regurgitation. (e)
Pulsed wave Doppler of pulmonary venous flow. LA,
left atrium; LV, left ventricle; RV, right ventricle; S,
systolic; D, diastolic.
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Case 2.43 Mitral valve repair. Mitral valve analysis post repair.
Lower esophageal window at 0° (a—c) and 110° (d-f) from diastole
through systole. The mitral annuloplasty ring is well visualized in cross-
section (arrows). The anterior leaflet exhibits most of the leaflet motion.
The posterior leaflet often appears fixed and does not exhibit significant
motion for a period of 6-8 weeks following the repair. There is no
obvious prolapse and leaflet motion appears normal. In addition to valve
leaflet motion, left ventricular wall motion should be assessed, to
rule/out inferior and/or posterior wall hypokinesis or akinesis resulting
from an annular suture involving the circumflex artery. LA, left atrium;
LV, left ventricle; RV, right ventricle.
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Case 2.44 Color flow Doppler following a successful
mitral valve repair. Color flow Doppler from diastole
through systole (a—d) recorded at 0° and corresponding
views at 115° (e=h). In early diastole (a, e) flow
convergence is noted above the annuloplasty ring.
During mid-diastole (b, f) slightly accelerated flow
velocity is noted and the inflow jet should be directed
posteriorly into the left ventricle. With closure of the
leaflets (c, g) flow should diminish in the left
ventricular inflow tract and start to appear in the
outflow tract. In systole normal velocity flow is
recorded in the outflow tract and mitral regurgitation
should not be detected.
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Pulsed and continuous wave Doppler
may be guided by color flow to rule
out a significant gradient across the
annuloplasty ring suggestion
restriction of the mitral orifice by the
repair or in the outflow tract in relation
to SAM. LA, left atrium; LV, left
ventricle.
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Case 2.45 Mitral valve repair. (a) Short-axis
echocardiographic image illustrating the full extent of
the mitral annuloplasty ring. (b—d) Serial
echocardiographic images obtained from the lower
esophageal window at 0° with mild anteflexion of the
probe, demonstrating chordal analysis following the
repair. Redundant chordae are noted to the anterior
leaflet illustrated as an undulating motion from diastole
to systole, in an unsuccessful repair and was the only
obvious abnormality visualized. Echogenicity of the
annuloplasty ring leaflet may deter analysis of leaflet
motion following the repair, making it important to
perform a complete analysis from multiple views of the
mitral leaflets and subvalvular apparatus.
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Case 2.46 Successful mitral repair of mitral valve
prolapse and annular dilatation. (a—c) Color flow
Doppler illustrating significant mitral regurgitation
before mitral repair. (d) Pulsed wave Doppler of the
right upper pulmonary vein illustrating decreased
systolic flow in comparison to diastolic flow.
Following successful mitral valve repair () systolic
flow has normalized in relationship to diastolic flow as
represented by no significant mitral regurgitation
demonstrated in (f) S, systolic flow; D, diastolic flow.
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Case 2.47Unsuccessful mitral repair of type 111
restrictive mitral regurgitation. (a—c) Diastolic through
systolic frames demonstrating an immobile posterior
leaflet. In addition there was a small posterior wall
aneurysm. (d) Color flow Doppler demonstrating
significant mitral regurgitation. (¢) Immediately
following the repair severe mitral regurgitation is noted
almost entirely filling the left atrium. (f) St. Jude
prosthesis replacing the repair. LA, left atrium; LV, left
ventricle.
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Case 2.48 Doppler illustration of SAM
post mitral repair. (a) End-systolic
frame obtained from the lower
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esophageal window at 0°. Note the tilt
of the mitral annuloplasty ring
(arrows) in relation to the aortic valve.
This finding corresponds to a
decreased aorto-mitral angle. There is
high velocity flow demonstrated in the
left ventricular outflow tract by color
Doppler. (b) Subsequent diastolic
frame demonstrating left ventricular
inflow color flow jet directed
anteriorly towards the left ventricular
outflow tract. (c) Early systolic frame
demonstrating high velocity flow in
the left ventricular outflow tract. (d)
End-systolic frame demonstrating
mitral regurgitation. (e) A 5 m/sec high
velocity jet recorded with continuous
wave Doppler of the left ventricular
outflow tract suggesting significant
SAM and failed repair.
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Case 2.49 Left ventricular inflow

obstruction post mitral repair
secondary to a small mitral
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annuloplasty ring. (a) Diastolic frame
obtained from the lower esophageal
window at 90° exhibiting restricted
anterior mitral valve motion following
repair. Note the annular diameter,
which appears significantly smaller or
“pinched” in reference to the left
atrium and left ventricle at that level.
(b) Thickened anterior and posterior
leaflets during mid-diastole. The
posterior leaflet exhibits much more
motion than usual following mitral
repair, which is consistent with
excessive remaining tissue. (c) Systolic
frame suggesting normal leaflet
closure. (d) Color flow Doppler
demonstrating high velocity flow
during diastole in the left ventricular
inflow tract. (e) Pulse wave Doppler
during diastole. The flow across
demonstrates a 1.75 m/sec flow jet and
a 12 mmHg gradient across the mitral
valve.
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Case 2.50 Failed mitral valve repair. (a) Mitral
regurgitation secondary to mitral annular calcification
(arrow) and prolapse of the posterior leaflet secondary
to excessive leaflet tissue, recorded from the lower
esophageal window at 0° and at 125° (c). (b)
Corresponding color flow Doppler image
demonstrating a mitral regurgitant jet (arrow) at 0° and
125° (d). Post repair involving a triangular resection of
the posterior leaflet without removal of the mitral
annular calcification.
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(e) The mitral annuloplasty ring is
readily apparent and appears small in
relation to the mitral annulus although
color flow Doppler does not
demonstrate significant flow
obstruction during diastole. (f) Severe
mitral regurgitation (arrow)
demonstrated in diastole at 0° and with
reversal of flow in the pulmonary veins
at 90° (g). LA, left atrium; LV, left
ventricle; RV, right ventricle; AV,
aortic valve; PA, pulmonary artery.
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Case 2.51 Mitral valve repair.
Immediately following weaning from
cardiopulmonary bypass a fairly large
mitral regurgitant jet (a) is suggested
with ventricular pacing. With
resumption of sinus rhythm (b) the
mitral regurgitant jet is dramatically
reduced and represents the true result
of the mitral repair.

Case 2.52 Ring dehiscence post mitral
repair. (a) Mid-diastolic frame
obtained from the lower esophageal
window at 0°. There is an echo free
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space between the mitral annuloplasty
ring and the valve annulus. Color flow
Doppler during systole (b) and diastole
(c) demonstrating abnormal flow in the
region of the space and a significant
mitral regurgitant jet originating
between the mitral annuloplasty ring
and the mitral annulus. (d) With
anteflexion of the probe at 75° the
annuloplasty ring is demonstrated
again with an echo free space
suggesting ring dehiscence. (e)
Continuous wave Doppler through the
mitral valve demonstrating high
velocity flow during diastole in the
range of 1.3 m/sec. (f) Echo free space
demonstrated between the
annuloplasty ring and the annulus at
115°, with color flow Doppler again
demonstrating significant mitral
regurgitation (g) and high velocity
flow during systole (h). During the
second cardiopulmonary bypass run,
the mitral annuloplasty ring was
determined to be too small and had
separated from the annulus. LA, left
atrium; LV, left ventricle; RA, right
atrium; RV, right ventricle; AV, aortic
valve.
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Case 2.53 Papillary fibroelastoma of the mitral valve.
Papillary fibroelastomas of the mitral valve frequently
appear as thin, multiple hairlike projections emanating
from the leaflet margins or chordal structures and
therefore are frequently confused with valvular
vegetations. Echocardiographic images of a patient
with two small papillary fibroelastomas (arrows)
attached to chordae tendineae, recorded at the lower
esophageal (a) and gastric windows (b) at 0°. (c)
Papillary fibroelastoma attached to the anterior mitral
leaflet that appeared to flip in and out the left
ventricular outflow tract during systole. LA, left
atrium; LV, left ventricle; LVOT, left ventricular
outflow tract.

244
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Case 2.54 Mitral valve vegetation. A medium sized
multilobular, Staphylococcus aureus vegetation (arrow)
attached to the posterior leaflet as recorded from the
lower esophageal window at 0° during the cardiac
cycle (a—e). (f) Enlarged view of the vegetation
(arrow). Although visualized in multiple views the
vegetation was rather sessile and did not exhibit
excessive motion. LA, left atrium; LV, left ventricle;
AV, aortic valve; RV, right ventricle.
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Case 2.55 Mitral valve vegetation. A large multilobular
vegetation (arrows) attached predominately to the
anterior leaflet with segments noted on the atrial and
ventricular surface of the leaflet. During the cardiac
cycle the vegetation flipped in and out of the left
ventricular outflow tract. Viewing the vegetation from
0° to 135° (a—e) gives full appreciation of the size and
mobility of the vegetation. LA, left atrium; LV, left
ventricle; AV, aortic valve; RV, right ventricle; RVOT,
right ventricular outflow tract; Ao, aorta.



Mitral valvular disease 247

Case 2.56 Mitral valve vegetation with extensive
destruction of the mitral apparatus. (a) Flail anterior
leaflet (arrow) producing severe mitral regurgitation (b)
with a posterior directed color flow jet recorded at 90°.
Visualization of the vegetation (arrow) from the lower
esophageal window at 0° (c) and 90° (d). (e) Color
flow Doppler demonstrating disturbed flow (arrow) in
the area of the vegetation. LA, left atrium; LV, left
ventricle; RV, right ventricle; RA, right atrium.
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Case 2.57 Mitral valve vegetation
producing a perforated leaflet with
severe mitral annular calcification. (a)
Mitral annular calcification denoted by
thick echodensity extending along the
annular plane. The probe is retroflexed
at 0° in the lower esophageal window
to visualize the posterior plane of the
heart. Small echo free space (arrow)
representing a perforation in the base
of the valve leaflet. (b) With rotation
of the transducer to 130° the vegetation
is illustrated as a globular mass
hugging the posterior wall of the left
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atrium. Color flow (c) and continuous
wave Doppler (d) demonstrating
severe mitral regurgitation. Flow
through a perforation is often recorded
in both phases of the cardiac cycle in a
to and fro manner. LA, left atrium; LV,
left ventricle; RA, right atrium; Ao,
aorta.

Case 2.58 Mitral valve vegetation with
an annular abscess. (a) Small annular
abscess (arrow) visualized near the
aorto-mitral fibrosa from the lower
esophageal view at 0°. (b) Slight
retroflexion of the probe demonstrates
a small vegetation (arrow) in close
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proximity to the abscess in an enlarged
view. (c) Color flow Doppler
demonstrates a mitral regurgitant jet
emanating from the same area as the
vegetation and the abscess, which is
not allowing apposition of the leaflets
near the area of the posterior
commissure. (d, e)Rotating the
transducer to approximately 90°
demonstrates the full extent of the
abscess and the vegetation (arrow). (f)
Enlarged view of the vegetation
(arrow). LA, left atrium; LV, left
ventricle; LAA, left atrial appendage.
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Case 2.59 Sub-aortic extension of prosthetic valve
endocarditis with an associated mitral valve vegetation.
Careful scanning with multiplane TEE is ideal for
identifying perivalvular abscess. Deep transgastric
view at 0° demonstrates a mobile vegetation attached to
the anterior leaflet during systole (a) and diastole (b),
vegetation (open arrow), chords (solid arrow). In the
lower esophageal view at 10° (c,d) an aortic prosthetic
valve is seen with an associated small annular abscess.
With rotation of the transducer to 45° the same
vegetation demonstrated in (a) and (b) is seen.
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(e) At 0° the abscess (arrow) is seen wrapping around the aortic
prosthetic ring. (f) With further rotation of the transducer to 110° the
abscess and the vegetation are demonstrated in close proximity to each
other.

Aortic regurgitation is demonstrated with color flow Doppler at 0° (g)
and 125° (h). LA, left atrium; LV, left ventricle; RA, right atrium; RV,
right ventricle; Ao, aorta; AV, aortic valve; LVOT, left ventricular
outflow tract.
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Case 2.60 (a—d) Sub-aortic extension of aortic
prosthetic valve endocarditis causing a mycotic
aneurysm of the mitral valve which appears as a bulge
in the anterior mitral leaflet expanding and contracting
during systole through diastole. () Small vegetation
(arrow) associated with a prosthetic aortic valve. (f)
Color flow Doppler demonstrating flow into an aortic
annular abscess at 125° during systole. (g) At 0° a color
flow jet (arrow) is demonstrated in the left atrium
demonstrating perforation. During diastole color flow
does not demonstrate flow into the abscess cavity at 0°
(h) or 125° (i). (j) Enlarged view demonstrating a
collapsed abscess cavity during diastole. LA, left
atrium; LV, left ventricle; RA, right atrium; RV, right
ventricle; AV, aortic valve; Ao, aorta.
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Case 2.61 Mitral valve endocarditis
producing a perforated leaflet with an
annular abscess. (a) View of the mitral
valve with the probe in the
gastroesophageal junction at
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approximately —10°. The posterior
aspect of the mitral valve annulus is
seen with a small submitral aneurysm
(open arrow). A perforation is
visualized in the mitral leaflet (closed
arrow) with vegetative debris noted
near the perforation. (b) Color flow
Doppler demonstrates flow (arrow) in
the aneurysm and through the
perforation. Views obtained from the
lower esophageal window at 0°
demonstrate mobility of the vegetation
during diastole (c) and systole (d), and
color flow Doppler demonstrates flow
(arrow) through the perforation (e).
LA, left atrium; LV, left ventricle; RV,
right ventricle.
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Case 2.62 Non-bacterial endocarditis in a patient with
lupus erythematosus; the TEE indication was rule out
cardiac source of embolus. (a) Thickening of both
leaflet tips is seen (arrows). (b) Significant mitral
regurgitation is demonstrated by color flow Doppler.
Angulation of the probe, with enlarged views visualizes
the posterior leaflet (c) and anterior leaflet (d), both
leaflets (e,f) with thickening and shaggy echoes noted
on the leaflet margin. It is not unusual to see this
picture of “kissing vegetations” on both leaflet margins
in non-bacterial endocarditis. LA, left atrium; LV, left
ventricle.
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Case 2.63 Congenital mitral stenosis. (a) Deep
transgastric view obtained at 100° demonstrates an
abnormally placed papillary muscle emanating from
the ventricular apes. In the longitudinal gastric views at
90° in systole (b) and (c) diastole abnormal chordal
orientation is noted with the single papillary muscle-
giving rise to both leaflets. During diastole the limited
range of chordal motion is demonstrated due to
restricted leaflet opening. (d) Marked thickening of
both leaflets is noted, and with angulation of the probe
(e) excessive tissue associated with the posterior leaflet
and prolapse (arrow) is demonstrated. (f) Color flow
Doppler demonstrates severe mitral regurgitation
(arrow). (g) Restricted and abnormal motion of the
anterior leaflet is demonstrated. LA, left atrium; LV,
left ventricle; RV, right ventricle; AV, aortic valve.
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Case 2.64 Partial cleft mitral valve. (a—c) Gastric short-
axis views with slight anteflexion of the probe
demonstrates a break in the continuity of the anterior
leaflet (echo free space), with color flow Doppler (c)
demonstrating flow (arrow) through the cleft. (d) View
obtained from the gastroesophageal junction with
anteflexion of the probe demonstrates a cleft of the
anterior leaflet margin (arrow) and with (e) color flow
Doppler a mitral regurgitant jet (arrow) is demonstrated
in the left atrium. With rotation of the transducer to 75°
the cleft is noted (f) with mitral regurgitation filling the
left atrial appendage (g). Multiplane TEE allows
visualization of the cleft in multiple views allowing the
diagnosis be made with confidence. AML, anterior
leaflet; LA, left atrium; LV, left ventricle; RA, right
atrium; RV, right ventricle; LAA, left atrial appendage.
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3
Aortic valvular disease

Multiplane transesophageal echocardiography provides precise imaging planes, which
offer improved detail and visualization of aortic valve anatomy for defining aortic
pathology. Multiplane transesophageal echocardiography has significantly improved the
diagnosis of aortic valvular disease in selected cases, although transthoracic
echocardiography still remains a very useful technique for evaluating the structure and
function of the aortic valve.

Multiplane transesophageal echocardiography has become instrumental in the
diagnosis of aortic pathology, especially when questions arise resulting from
transthoracic echocardiography or cardiac catheterization. In cases of aortic stenosis,
multiplane transesophageal echocardiography reveals the number of cusps, the degree of
valve restriction or valve area, the extent of leaflet calcification, and establishes the
presence of secondary subvalvular obstruction. With aortic regurgitation, multiplane
transesophageal echocardiography often defines the anatomical deformity of the aortic
complex, illustrating the mechanism for regurgitation, which, when incorporated with the
natural history of the disease process, greatly assists in clinical management. In addition,
transesophageal echocardiography provides precise measurements of the aortic valve
annulus, aortic root and other dimensions of the aorta. Most importantly, transesophageal
echocardiography has become an integral part of aortic valve surgery. During surgery,
transesophageal echocardiography is useful for assessing the need for reparative surgery
versus valve replacement. In cases of valve replacement, transesophageal
echocardiography assists in determining the type of aortic prosthesis used, as well as in
evaluating the prosthesis after implant.

Normal anatomy

The normal aortic valve consists of three semilunar cusps, however to accurately describe
normal aortic valve anatomy the aortic root and left ventricular outflow tract must be
included (figure 3.1).) These structures constitute the “aortic valve complex” which in
unison play an integral role in providing the normal structure and function of the aortic
valve.

The aortic root, or proximal portion of the ascending thoracic aorta, encloses the aortic
valve annulus and leaflets. The aortic annulus forms the origin of the aortic root and is
located in the relative center of the fibromuscular skeleton of the heart (figure 3.2). The
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central position in the fibromuscular skeleton provides the stability necessary for
supporting the aortic valve and aorta. The aortic valve annulus is not as well defined
anatomically as the mitral valve annulus, given that it is largely composed of muscle
fibers and not fibrous connective tissue as in the latter. The muscular annulus allows the
base of the leaflets to expand in diastole and to contract in systole, which promotes the
unimpeded flow of blood from the left ventricular outflow tract to the aorta.

b

Figure 3.1 Aortic root anatomy. Aortic
root anatomic preparations (a)
dissection and (b) in situ preparation
with the anterior aortic wall and right
coronary cusp removed. To properly
describe the aortic valve anatomy and
function, the whole aortic valve
complex must be considered (b). The
aortic valve complex comprises the left
ventricular outflow tract, aortic
annulus, and sinuses of Valsalva,
sinotubular junction and the ascending
aorta. The borders of the left
ventricular outflow tract are formed
medially by the proximal or basal
portion of the left ventricular septum
and laterally by the anterior leaflet of
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the mitral valve when open during
diastole. This anatomic configuration
produces a functional outflow tract
rather than a true anatomical or
morphological outflow tract, when
compared with the well-delineated
infundibulum of the right ventricular
outflow tract. NC, non-coronary cusp;
RC, right coronary cusp; LC, left
coronary cusp; AML, anterior mitral
leaflet; Ao, ascending aorta; PA,
pulmonary artery.

The area inferior to the aortic annulus represents the subvalvular region or the left
ventricular outflow tract. The borders of the left ventricular outflow tract are formed
medially by the proximal or basal portion of the left ventricular septum and laterally by
the anterior leaflet of the mitral valve when open during diastole. This anatomic
configuration produces a functional outflow tract rather than a true anatomical or
morphological outflow tract, when compared with the well-delineated infundibulum of
the right ventricular outflow tract. This is especially important when considering certain
developmental abnormalities that cause the anatomical configurations of specific
congenital malformations. Also, since the left ventricular outflow tract is composed of a
muscular portion (ventricular septum) and a fibrous portion (anterior mitral leaflet);
normal function of the aortic valve is dependent on the function of both the mitral
apparatus and ventricular myocardium.

The aortic valve is composed of three leaflets or cusps (figure 3.3a). Each leaflet of the
aortic valve has a semilunar or crescent-shaped free margin and a rounded or
semicircular-shaped base (figure 3.3c). This configuration produces a base leaflet length
that is one and a half times larger than the free leaflet margin and a central leaflet height
that is larger than its lateral height. The central portion of the base of the leaflets is
attached to the inferior portion of the aortic annulus, blending into the proximal aortic
wall and ending as the sinotubular junction before the true ascending aorta. Each aortic
leaflet is connected to the other at their lateral most margins by inserting into the sinus
ridge or uppermost portion of the aortic root, producing triangular hinge points or
commissures (figure 3.3d). The leaflets are symmetrically arranged in the circular aortic
root producing three aortic cusps and three sinuses of Valsalva. In cross-section, the
commissures are attached in a triangular arrangement within the barrel of the aorta so that
the leaflets with their curved free margins have a configuration that allows for a circular
leaflet opening during systole. Thus, the maximum valve area during systole is normally
3-4 cm?produced by leaflet separation of about 2 cm.

The cusps are delineated with respect to their orientation in the annulus and by the
origin of the coronary arteries (figure 3.3a). The right aortic cusp is situated
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Figure 3.2 Cross-sectional anatomy of the aortic valve
and surrounding structure of the fibrous skeleton as
seen in standard horizontal transesophageal
echocardiographic views. The aortic valve is centrally
located in the fibrous skeleton and is surrounded by all
three of the other cardiac valves in various planes
depicted in (a) anatomical dissection and (b) drawing
of the fibrous skeleton. The aortic annulus is defined by
the area of attachment of the aortic cusps to the aortic
wall, and therefore is frequently described as not being
a true anatomical annulus. Due to the scalloped
attachment of the aortic cusps, the aortic annulus has a
larger vertical height corresponding to the dimension of
the whole sinus of Valsalva, in contrast to the height of
the mitral annulus with the leaflets attached in a
circular orientation in smaller vertical plane roughly
corresponding to the depth of the fibrous skeleton. In
this regard, the aortic annulus protrudes above and
below the horizontal plane or depth of the fibrous
skeleton. The aortic annulus is divided into
subcommissural and supracommissural (supra-aortic
crest) areas to define the full extent of the annulus. RA,
right atrium; LA, left atrium; AV, aortic valve; PA,
pulmonary artery; TV, tricuspid valve; MV, mitral
valve; N, non-coronary cusp; R, right coronary cusp; L,
left coronary cusp; PV, pulmonary valve.
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anteriorly and to the right, the left aortic cusp is posterior and to the left, and the non-
coronary cusp is posterior and to the right and is directly opposite the atrial septum. The
coronary arteries originate from the respective sinuses produced by the right and left
cusps, with ostia positioned centrally below the sinus ridge. The central position of the
aortic annulus brings each aortic cusp into close proximity to other cardiac structures as
well. The non-coronary cusp sits opposite the atrial septum and portions correspond to
both atria. The left coronary cusp sits opposite the left atrium, in between the pulmonary
trunk and the left atrial appendage. Both the left coronary and non-coronary cusps are
attached to the fibrous portion of the anterior mitral leaflet. The right coronary cusp sits
opposite the right ventricular outflow tract with a base of attachment to the muscular
septum.

There is a prominent thickening or nodule in the center of the free margin of each cusp
known as the node of Arantus (figure 3.3c). Two curved linear ridges of thickened leaflet
tissue emanate from either side of the node, roughly 2—-3 mm from the free margin border
of each leaflet, and project laterally to each commissure. This ridge of tissue marks the
line of approximation for each cusp during diastolic closure and the lunula provides for
cuspal apposition, permitting a good seal for closure. A thin rim of leaflet tissue extends
above the thickened ridge or lunula, and together comprises the free leaflet margin and
provides the necessary surface of contact for the cusps during apposition. The surface
area of each cusp is nearly identical, and the total surface area of all three cusps is
roughly 40% greater than the cross-sectional area of the aortic root at the annular level.
Therefore there is adequate leaflet tissue surface area to allow each cusp to protrude or
bow slightly towards the left ventricular outflow tract during closure, thus dampening the
pressure transmitted in the aorta during diastole, and ultimately preventing the cusp from
eversion.
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Figure 3.3 Aortic valve anatomical preparation as seen
from the aorta (a) and from the ventricle (b) illustrating
the relative position of the closed cusps in diastole.
Dissection of a single aortic valve cusp (c) illustrating
and highlighting the node of Arantus (green) and the
lunula surface area (blue). Cuspal configuration of the
aortic valve cusps showing the commissural attachment
and alignment of the cusps. Note the right and left
coronary artery ostia position relative to the cusps. The
aortic valve cusps are attached to the aortic wall in a
semicircular fashion with the commissures producing
the apex of a tall narrow triangle between the union of
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the cusps. This orientation of each cusp produces the
load-bearing architecture necessary for withstanding
the diastolic pressure. The broader vertical height and
narrow width of the interleaflet triangle promotes the
necessary leaflet surface area necessary for complete
cuspal coaptation. The intercuspal triangles are
highlighted in blue. R, right coronary cusp; N, non-
coronary cusp; L, left coronary cusp.

Figure 3.4 Anatomical (a) and artists rendition (b) of the

aortic valve cusps showing the cuspal margins and the

node of Arantus (closed arrows). The lunula provides even

greater surface area and serves to reinforce the free margin

of the edge of the cusps. The maximum load point at the

center of each cusp is further reinforced by the nodule of

Arantus represented as a further thickening of the central

portion of the leaflet lunula. Working in unison, the valve

cusps and commissures support the physiologic diastolic

pressure load during closure. The sinotubular junction is

illustrated in b, which is usually narrower by 10 to 15% in

comparison with the aortic annulus diameter. Ao, aorta.

The sinotubular junction or superior margin of the sinus of Valsalva is well delineated
horizontally. The sinotabular junction is composed of collagen and elastin connective
tissue and is 10 to 15% smaller in diameter than the aortic annulus.® This allows the aortic
wall to protrude or balloon slightly above the annulus when the leaflets are opposed,
forming the sinuses of Valsalva. This anatomical configuration of the sinuses allows for a

pocket of blood to form above each cusp, which promotes diastolic filling of the coronary
artery (figure 3.4). This allows the stress developed in diastole to be equally distributed
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by the leaflet tissue as well as the aortic wall. It also prevents the cusps from collapsing
or becoming trapped against the aortic wall with the high pressures generated during
systole when the valve is open, and overall decreases leaflet degeneration and/or wear.

Echocardiographic visualization of the normal aortic valve

Multiplane transesophageal echocardiography provides excellent anatomical images of
the aortic valve for assessment of the number of cusps, cuspal motion and structure as
well as for defining pathology of the aortic valve and root. Multiplane transesophageal
echocardiography permits the aortic valve to be visualized enface in the short axis planes
and in long axis projections with only minor manipulation of the probe, in comparison
with either monoplane or biplane probes.

Figure 3.5 Normal horizontal, short axis aortic valve
complex transesophageal anatomy as viewed from the mid
to upper esophageal windows at 15-60 degrees. All three
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cusps are visualized in a short axis projection during
systole and diastole (a—d). The left coronary cusp is to the
right of the image sector; the right coronary cusp is anterior
and to the left of the image sector and the non-coronary
cusp sits to the right opposite the atrial septum (a). In the
normal aortic valve the leaflets gradually assume a
triangular opening (c) and the leaflet margins may appear
slightly redundant (b). With the valve leaflets fully open
during systole the margins assume a circular opening
blending into the aortic wall and are usually not visible, but
slight indentions may be seen projecting from the aortic
wall representing the commissures (d). With minor
withdrawal of the probe and antegrade flexion the coronary
artery ostia are visible (e-f). N, non-coronary cusp; L, left
coronary cusp; R, right coronary cusp; star, coronary ostia.

The three cusps of the aortic valve are best visualized enface in the short axis plane,
with the probe in the mid to upper esophageal position at a depth of 10-12 cm. The aorta
is initially identified and centered with rotation of the probe in the echo sector with
conventional image display (transducer artifact at the top of the display and the patient’s
right side on the left of the display). The transesophageal echocardiography probe is
advanced or withdrawn occasionally with mild anteflexion until the aortic valve leaflets
are visualized and the transducer is then rotated to approximately 15-45 degrees, until all
three cusps are visualized enface in the center of the echocardiography sector (figure 3.5).
The most anterior cusp in the bottom portion of the image sector is the right coronary
cusp; the non-coronary cusp lies adjacent to the atrial septum, with the left coronary cusp
posterior and to the right closer to the top of the image sector. All three cusps should
appear symmetrical in size and shape. The commissures are always visualized in contrast
to transthoracic studies, which only visualize the commissures in about 73% of cases.*
Motion of the valve cusps is readily assessed with multiplane transesophageal
echocardiography. With normal tricuspid aortic valve motion during early and late
systole, the partially open valve resembles a three-arm star shape. Just before midsystole
the open valve assumes a triangular shape, with nearly straight cuspal margins, and
during midsystole the orifice assumes a circular shape.” The normal aortic valve orifice
area is in the range of 2.5 to 3.5 cm®.° During diastole the cusps should appear well
apposed, producing a configuration that resembles the Mercedes-Benz emblem. When
lack of closure of the leaflets is suspected, color flow Doppler is often useful in the short
axis view for identifying the location of aortic regurgitation jet (and/or jets) and the size
of the regurgitant orifice area. Diffuse or focal thickening of the leaflets and restriction of
leaflet motion and/or commissures is readily apparent. Planimetry of the aortic valve
systolic orifice area, measurement of the length of the free cuspal margin and leaflet
separation may easily be performed in this view. With further anteflexion at this level, the
sinuses of Valsalva are visualized with the orifice of both coronary arteries visualized
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adjacent to their respective cusps, slightly superior to the valve but below the sinotubular
junction (figure 3.5).

The long axis view of the aortic valve is obtained by centering the aortic valve in the
short axis image sector and by rotating the transducer to between 120 to 145 degrees
(approximately 90° past the true short axis, figure 3.6). Minimal manipulation of the
probe may be necessary to maximize the internal diameter of the aortic root. The left
ventricular outflow tract should appear to the left of the sector and the proximal
ascending aorta to the right of the image sector in a horizontal plane perpendicular to the
transducer. The aortic valve should appear in the mid portion of the aortic root and the
full extent of two cusps should appear as thin linear echoes. The most anterior cusp
toward the bottom of the image sector is the right coronary cusp, and the most posterior
cusp toward the top of the display may be either the non-coronary or left coronary cusp
depending upon the image beam orientation to the aortic valve. The aortic valve annulus
is readily identified by the points of attachment of the valve cusps to the aortic root walls
originating from the left ventricular outflow tract. During systole, the leaflets appear as
thin linear echoes originating from the annulus, which move parallel to and almost
approximate the aortic root walls when they frequently disappear from view. During
diastole the leaflets move toward the center of the aortic root, producing a central line of
closure with the body of the leaflets bowing slightly towards the outflow tract with
symmetrical protrusion to the annulus.

The size of the aortic root may be assessed by measuring each segment. The diameter
is measured at the aortic annulus, sinuses of Valsalva, sinotubular junction and proximal
ascending aorta (figure 3.7). The normal aortic systolic annular diameter is about 1.8-2.5
cm.® The normal sinotubular junction should be approximately 10 to 15% smaller in
diameter than the aortic annulus.”® Color flow Doppler is useful in the long axis view for
identifying increased flow velocities and/or turbulent flow when restricted motion is
suspected during systole, or for detecting and quantifying aortic regurgitant jets. The
supravalvular and subvalvular structures are also best assessed in the long axis views.

Hemodynamic assessment of the aortic valve with conventional Doppler is usually
more easily accomplished with transthoracic echocardiography than with the
transesophageal approach, owing to the inability to obtain parallel imaging planes with
transesophageal echocardiography. Continuous and pulsed-wave Doppler may be
successfully performed in around 80% of patients, with multiplane transesophageal
echocardiography in the deep transgastric view or the transgastric long axis views.
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Figure 3.6 Normal longitudinal, long axis aortic valve
complex transesophageal anatomy. Long axis views are
obtained of the aortic root with rotation of the
transducer about 90 degrees from the short axis
(enface) aortic valve views (a—d). The most superior
cusp represents the left or non-coronary cusp
depending on the interrogating plane, with the right
coronary cusp appearing in the inferior portion of the
image sector. With a normal aortic valve the aortic
annulus is fully appreciated, with bulging of the sinus
of Valsalva and narrow neck of the sinotubular
junction. With valve opening during systole, the aortic
valve leaflets blend into the aortic walls and are usually
not visible. LA, left atrium; LVOT, left ventricular
outflow tract; RVOT, right ventricular outflow tract;
Ao, aorta; N, non-coronary cusp; R, right coronary
cusp.
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Figure 3.7 Normal echocardiographic
measurements of the aortic valve
complex in the longitudinal imaging
planes. Anatomical preparation (a) and
corresponding echocardiographic
image (b) of the aortic valve complex
to show the usual points of
measurement for the aortic valve
annulus, sinotubular junction and
ascending aorta. White, annular
diameter; red, sinotubular junction
diameter; blue, ascending aorta
diameter.

The deep transgastric view is obtained by advancing the probe deep into the stomach
approximating the level of the left ventricular apex. The probe is then slowly withdrawn
with maximum anteflexion until an image is produced similar to the apical five view
obtained with transthoracic echocardiography. To obtain the deep transgastric view it is
often helpful to start with the short axis gastric view with the left ventricle centered in the
image sector. The probe is then advanced into the stomach while maintaining maximum
anteflexion of the probe almost as to produce buckling of the probe on itself to open the
deep transgastric window of the heart. The echocardiographic depth sector is changed to
approximately 20 to 22 cm, to accommaodate the whole heart image. The ventricular apex
is directed obliquely towards the top of the display, with the left ventricle to the right and
the right ventricle to the left of the display (figure 3.8). The aortic valve is displayed in
the center of the display in the far field with the left ventricular outflow tract roughly
parallel to the image plane. Adequate assessment of the aortic valve apparatus is usually
not possible in this view, with the exception of occasional pathology of the ventricular
surface of the valve and subvalvular pathology. Pulsed-wave Doppler can be performed
in the left ventricular outflow tract with the sample volume positioned proximal to the
aortic valve. Continuous-wave Doppler can be used to interrogate flow across the aortic
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valve with the mapping assistance of color flow Doppler. In our experience, adequate
continuous-wave Doppler signals are obtained in around 80% of cases.

The transgastric long axis view is obtained by rotating the transducer from 90 to 120
degrees from the mid short axis transgastric view of the left ventricle (figure 3.9). The
ventricular apex is directed towards the left of the image and the base of the heart to the
right of the image display. The left ventricular outflow tract and the aortic valve appear
obliquely projected in the far field to the right lower quadrant of the display. Slight probe
manipulation with rightward flexion may be helpful in visualizing the aortic valve, and as
with the deep transgastric view the echocardiographic depth may need to be increased to
greater than 16 cm to accommodate the whole image. Color flow Doppler may be helpful
to direct both pulsed and continuous-wave Doppler for interrogation of the left
ventricular outflow tract and aortic valve flows. As with the deep transgastric views,
adequate Doppler signals for velocity measurements may not be obtained in all patients.
When adequate Doppler signals are obtained with the transesophageal approach, the
velocities measured are identical to and as accurate as those obtained with transthoracic
echocardiographic measurements.

Bicuspid aortic valve

The bicuspid aortic valve is one of the most common congenital abnormalities, occurring
in about 1% of the general population.’ The congenitally bicuspid valve is identified by
two cusps of unequal size, the conjoined cusp is the larger, and contains a raphe that
represents the site of fusion of the conjoined cusps. This configuration produces a
narrowed elliptical orifice rather than a circular orifice, which occurs with a tricuspid
valve. Bicuspid aortic valves may function normally throughout life, but because of their
opening and closing configuration, most become stenotic, regurgitant, or both stenotic
and regurgitant. In 85 patients with bicuspid aortic valves studied by Roberts® 15% had a
normally functioning aortic valve. In 72%, there was aortic stenosis with or without
regurgitation, with only 13% having pure aortic regurgitation. Additionally, 9% of
bicuspid aortic valves that were purely regurgitant were associated with infective
endocarditis.

The mechanism responsible for stenosis or regurgitation of a bicuspid aortic valve
originates from the differences in cuspal configuration and arrangement or

orientation in comparison with tricuspid valves (figure 3.10).

The most obvious anatomical differences in cuspal configuration between tricuspid
and bicuspid aortic valves are commissure positioning and in cuspal length. These
differences cause inadequate opening or closure of the valve.”® The cuspal configuration
of a tricuspid aortic valve produces a line of cuspal closure, which assumes the shape of a
curve. This curvature in tricuspid aortic valves allows for the extra length necessary for
the cusps to move maximally during opening and provide adequate leaflet tissue length
for approximation with closure. With a bicuspid leaflet configuration, the line of cuspal
closure between the commissures approaches a straight line instead of a curve, in effect
shortening the cuspal margin length. In addition minor differences in cuspal length
produces abnormal cuspal contact. When each cusp of a bicuspid valve is approximately
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Figure 3.8 Normal deep transgastric
views of the aortic valve complex. In
most patients the aortic valve complex
may be visualized and assessed from
the deep transgastric views, which
allows an almost parallel orientation of
the aortic root to the imaging beam.
The entire aortic root in three-
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dimensions may be visualized in a
circumferential fashion with rotation of
the transducer from 0 to 120 degrees
(g—k). In zoom mode the aortic valve
leaflets are readily visible to assess
opening and closing motion.
Conventional and color flow Doppler
may be used in these views to assess
valve function. LV, left ventricle; Ao,
aorta; RV, right ventricle; PA,
pulmonary artery; PV, pulmonary
vein; LA, left atrium; RA, right atrium;
AV, aortic valve; MV, mitral valve.

Figure 3.9 Normal transgastric views of the aortic
valve complex. From the transgastric views with the
probe in the stomach close to the gastroesophageal
junction, the aortic valve is usually seen in an oblique
orientation. At 0 degrees the aortic valve relationship to
the mitral valve is well appreciated, and with rotation
of the transducer to 90 to 110 degrees the aortic root is
visualized obliquely and to the right of the imaging
sector and may be assessed with Doppler
echocardiography. LV, left ventricle; Ao, aorta.
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Figure 3.10 (right) Bicuspid aortic
valves. The size of the bicuspid aortic
valve leaflets is easily assessed with
transesophageal echocardiography in
the short axis planes during systole and
diastole. The proportional size of each
aortic valve leaflet determines the
hemodynamic consequences produced
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by the bicuspid aortic valve. In stenotic
bicuspid valves (a, diastole; b, systole)
the two valve leaflets are near identical
in size. When one cusp is slightly
larger than the other (c, diastole; d,
systole), the valve functions normally,
no hemodynamic stenosis or
regurgitation is produced, and the
valve frequently goes unrecognized for
the life of the patient. In regurgitant
bicuspid aortic valves (e, diastole; f,
systole) one cusp is significantly larger
than the other and the valve leaks due
to prolapsing of one leaflet during
closure. All types of bicuspid valves
are subject, however, to the normal
degenerative (wear and tear) changes
of older age.

equal in size, stenosis is produced, due to the restricted and elliptical opening
configuration produced by the cusps, rather than a circular opening normally produced
with tricuspid aortic valves. Regurgitation however is usually prevented in these valves,
since cusp closure is not affected, even though there is abnormal cuspal contract during
apposition. If one cusp is slightly larger than the other, the cusps still have abnormal
contact during apposition, however the extra cuspal length preserves a near normal
circular opening, which permits normal function, without stenosis or regurgitation.
Excessive length of one cusp, however, produces abnormal closure from prolapse of one
cusp past the other, resulting in pure aortic regurgitation.

There are two basic types of cusp orientation in congenitally bicuspid aortic valves.™
In 53% of bicuspid aortic valves, the commissures are vertically situated with the cusps
oriented rightward and leftward with the respective coronary artery originating from the
respective sinuses of Valsalva. In the other 47%, the commissures are horizontally placed
with the cusps oriented in an anterior and posterior position, and with both coronary
arteries arising from the anterior sinus of Valsalva. The anterior-posterior type is more
likely to calcify.

A raphe or false commissure is found in one of the two cusps in about 50% of the
valves, irrespective of valve type. When present, the raphe is always found in the right
cusp of the right-left or vertical orientation and in the anterior cusp of the anterior-
posterior or horizontal type.

Minor rotations of the commissures of the two basic types of bicuspid aortic valves
result in the various configurations in bicuspid aortic valves and may account for the
variable sensitivity and specificity in detection of bicuspid valves with M-mode and two-
dimensional echocardiography. With M-mode echo, eccentric cusp closure appears better
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detected with the A-P types of bicuspid valve; false-negative detection with the
appearance of midline closure appears with the R-L types. The short axis view obtained
with two-dimensional echocardiography has the highest sensitivity and specificity in
detecting either type of bicuspid valve.™

Bicuspid aortic valves are usually mildly regurgitant. In younger patients, significant
aortic regurgitation is more prevalent than significant stenosis, despite an elliptical aortic
orifice. As patients mature with bicuspid valves, calcification of the raphe, annulus and
valve cusps further narrow the orifice, producing symptomatic aortic stenosis, and this is
the most common cause of aortic stenosis in patients between 15 and 65 years of age.™
Bicuspid aortic stenotic valves calcify early and are significantly stenotic by the 5th to
6th decade. Calcification tends to be the heaviest in bicuspid aortic stenosis, in
comparison with the other causes of aortic stenosis. Calcification tends to be greatest
along the raphe and at the base of the anterior or right cusp.” In contrast to stenotic
bicuspid aortic valves, regurgitant or normally functioning bicuspid valves have minimal
calcification. Isolated aortic valve calcification without mitral disease is a sign of
congenital stenosis.** Diffuse calcification of the aortic valve, with calcium limited to
focal areas of the anterior mitral leaflet and/or mitral annulus, is more likely to be the
result of a calcified bicuspid aortic valve with extension of calcium to the fibrous
skeleton and mitral valve.

Bicuspid aortic valves are frequently associated with dilatation of the aortic root and
ascending aorta, irrespective of the hemodynamics produced by the anatomical
configuration of the valve.™ Post-stenotic dilatation of the aorta is common with stenotic
bicuspid valves. In bicuspid aortic valves that are not stenotic, the aorta is still frequently
enlarged because of the associated weakening of the aortic medial layer that is associated
with the developmental abnormality that produces the abnormal leaflet configuration.
Due to the association of bicuspid aortic valve and coarctation of the aorta, coarctation
should also be excluded.'®

An acquired bicuspid aortic valve, in contrast to a congenital valve, is produced when
there is acquired inflammatory fusion of one of the three commissures of a tricuspid
aortic valve (acquired bicuspid structure).'” On inspection, this pathology produces the
anatomical appearance of a raphe (false commissure) where a “true commissure” would
be. This frequently becomes calcified, which makes it more confusing. There are a few
characteristics that help to distinguish congenital valves from acquired valves. Raphes are
only present in 50% of congenital bicuspid valves, whereas acquired valves always
contain a false raphe at the site of fusion of the true commissure. When present, the raphe
of the bicuspid valve inserts toward the base of the sinus, below the sinotubular junction,
unlike the acquired valve which originates at the sinotubular junction. With congenital
bicuspid valves, the cuspal free margin lengths during closure of the two cusps are
similar, with the cusp containing raphe being slightly shorter than the non-raphe cusp.
The annular circumferential length of the two cusps in congenital valves will be similar,
whereas in acquired bicuspid valve the length of the fused two cusps will be twice as
large as the other cusp, coinciding with the fusion of two separate cusps. The corpus
Arantus is usually absent on the free edge of the conjoined cusp in congenitally bicuspid
valves.
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Quadricuspid aortic valve

Quadricuspid aortic valves are extremely rare (figure 3.11)."® Quadricuspid valves
possess four cusps that may be either equal or unequal in size.'® Quadricuspid valves may
function normally, they are almost never stenotic and about 50% are regurgitant.
Similarly to bicuspid valves, a proposed mechanism for regurgitation is suggested by
unequal cuspal margin length. In short axis echocardiographic views the four cusps
produce a characteristic x-shaped configuration during valve closure.® In contrast to
bicuspid valves, quadricuspid aortic valves are rarely associated with other congenital
abnormalities, with the exception of truncus arteriosus.?

Figure 3.11 Quadricuspid aortic valve.
The quadricuspid aortic valve has four
nearly identical valve leaflets. During
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diastole the valve leaflet margins
produce an “X” configuration when
closed (a). In early systole (b) the
valve opens with a diamond shape and
nearly assumes a circular configuration
when fully open (c) in systole. In the
longitudinal views the valve appears
normal and is indistinguishable from a
tricuspid aortic valve, except that the
valve leaflets are usually visible during
opening since they do not fully
approximate to the aortic root walls.
Despite this appearance, significant
stenosis is not produced and
quadricuspid valves usually produce
regurgitation clinically.

Aortic stenosis

Hemodynamically, aortic stenosis produces obstruction to the left ventricular outflow
tract. In classic aortic stenosis, the obstruction is produced as a result of reduction of the
aortic valve orifice area. However, the obstruction may also occur at the subvalvular or
supravalvular level, or with various combinations of the three levels. Valvular aortic
stenosis is the predominate lesion in all age groups, since discrete sub-aortic stenosis and
supravalvular aortic stenosis are rarely discovered after the age of 15 years.?*?
Multiplane transesophageal echocardiography is extremely advantageous in
demonstrating subvalvular and supravalvular stenosis in the adult when present as
solitary or combined lesions.

Valvular aortic stenosis is either congenital or acquired in origin. The most common
causes of acquired valvular aortic stenosis include rheumatic (post-inflammatory) and
degenerative causes. Roberts® reported that aortic stenosis was found as an isolated non-
rheumatic lesion in 25 and as a rheumatic lesion with an associated abnormal mitral valve
in 40 of 1000 necropsy patients he studied. Rare causes include infectious endocarditis
producing large vegetations, Fabry’s disease, ochronosis, hyperlipidemic states
(homozygous type II), hypercalcific syndromes, lupus erythematosus associated with
antiphospholipid syndrome or anticardiolipin antibody, and Paget’s disease.”*! The
cause of aortic stenosis can usually be predicted by the age of the patient upon
presentation for surgery. Congenital stenosis (unicuspid or bicuspid valves) presents in
the pediatric or younger age groups, rheumatic stenosis in the mid age group, and
degenerative stenosis in the elderly.
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Degenerative aortic stenosis

Degenerative or senile aortic stenosis most commonly occurs in elderly patients with
tricuspid aortic valves, and presents with calcific (hodular) deposits within the body of
the valve cusps, without significant commissural fusion. Since fusion of the commissures
is usually absent, aortic regurgitation is rarely associated with degenerative aortic
stenosis. Degenerative aortic stenosis typically occurs in the 7th and 8th decade, with
equal sex distribution in most studies. Degenerative aortic stenosis is frequently
associated with other degenerative types of lesions such as a calcified mitral annulus,
calcification of the conduction system, calcified proximal coronary arteries, or
degenerative lesions in the other valves, suggesting a wear and tear mechanism, or an
exaggerated aging process at work. Degenerative aortic stenosis is thought to occur
predominately with previously normal tricuspid aortic valves, although some authors
have suggested that minor abnormalities such as asymmetry in leaflet size, small aortic
annular size and dystrophic valve leaflets give rise to premature senile calcification.***

Calcification of the valve cusps usually occurs within the cusp body as nodular
calcifications, originating at the base of the cusp or annular attachment or hinge point
extending towards the free cusp margin, thereby limiting its range of motion. In
comparison with congenital aortic valves, calcification tends to be less heavy in
degenerative disease. In a few cases of degenerative disease, calcification has been
described as diffuse, with an eggshell-type fragility.*® Although commissural fusion is
rare when compared with rheumatic disease, it tends to occur in the commissure between
the right and non-coronary cusps. Calcification of the cusps renders them rigid and
immobile, producing progressive reduction in the aortic valve area as the calcium
accumulation increases. The echocardiographic appearance of degenerative aortic
stenosis includes highly reflective valve cusps, thickened leaflets with obvious restriction
of motion, and a reduced and often distorted orifice geometry. Multiplane
transesophageal echocardiography frequently identifies nodular calcifications within the
cusp body with freely mobile cuspal margins. Transesophageal echocardiography readily
shows and distinguishes aortic sclerosis, or diffusely thickened aortic valves without a
reduced orifice area or significant stenosis from calcific aortic stenosis.

Rheumatic or post-inflammatory disease

With the decline of rheumatic fever in western countries, rheumatic heart disease is no
longer the most common cause of aortic stenosis. Post-inflammatory fibrocalcific
diseases including rheumatic disease now accounts for only 18 to 35% of all cases of
aortic stenosis in patients presenting for aortic valve replacement.®*% The hallmark of
rheumatic aortic stenosis is commissural fusion with cuspal thickening secondary to
fibrosis, with or without calcification. Rheumatic aortic stenosis is almost always
associated with commissural thickening and fusion of the mitral valve leaflets, producing
some degree of mitral or tricuspid stenosis and/or regurgitation. Typically, all three aortic
commissures are involved along with thickening and retraction of the valve cusps.
Thickening of the valve cusps occurs predominately at the cuspal free margins. All of
these findings produce a central, triangular appearance or dome-shape valve with a
reduced aortic valve orifice. With multiplane transesophageal echocardiography a central,
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triangular orifice is easily shown in the short axis views, with systolic doming apparent in
the long axis. In the later stages of the disease process, the fibrotic cusps

Figure 3.12 Artist’s rendition of the
types of subaortic stenosis. Subaortic
stenosis may be produced by a discrete
fibrous band or membrane just
proximal to the aortic valve annulus. In
the adult, this congenital abnormality
may be detected with transesophageal
echocardiography by demonstrating a
narrow and abnormal appearing
outflow tract, but the membrane must
be widely patent (Swiss cheesy) in
order for this entity to go undetected
until adulthood. The aortic valve
undergoes early degeneration with
resultant regurgitation due to stenotic
jets produced from the subvalvular
obstruction. Subaortic membranes may
be distinguished from left ventricular
outflow tract obstruction such as in
hypertrophic obstruction, which
usually yields a fibrous plaque near the
site of obstruction on the ventricular
septal endocardium and degenerative
changes of the anterior mitral leaflet.
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become calcified and with further restriction the orifice appears circular and fixed, often
with no apparent opening or closing motion. At this point, systolic doming is less
apparent. Occasionally, commissural fusion occurs in only one or two commissures and
when calcified may be indistinguishable from a bicuspid valve or degenerative aortic
stenosis. Generally as the number of fused commissures increases, the valve orifice area
decreases with a resultant increase in the severity of stenosis.

Post-inflammatory disease is usually designated as a chronic, fibrosing process that
results in valvular pathology virtually identical to chronic rheumatic disease, without a
documented history of rheumatic fever. Although the incidence of rheumatic aortic
stenosis appears to be declining in the western world, the relative incidence of post-
inflammatory disease appears to be stable. Therefore, post-inflammatory disease may
occur as either a result of sub-clinical rheumatic fever or non-rheumatic aortic valvulitis.
Coxsackieviruses and other viruses have been implicated in producing similar findings to
rheumatic disease.***° Post-inflammatory disease appears to be twice as common in men
than women.*®

Subvalvular aortic stenosis

The site of obstruction in subvalvular aortic stenosis typically occurs in the basal half of
the left ventricular outflow tract.*™** Two types of subvalvular aortic stenosis occur:
discrete sub-aortic stenosis and muscular obstruction as seen in hypertrophic
cardiomyopathy (figure 3.12). Although both types may mimic valvular aortic stenosis
clinically, they are quite different anatomically. Additionally, subvalvular stenosis may
accompany valvular aortic stenosis. Acquired subvalvular aortic stenosis may also occur
secondarily to mitral valve replacement or mitral valve repair and again mimic valvular
aortic stenosis, although the cause should be clear with its development following those
procedures.

In discrete sub-aortic stenosis, obstruction to flow occurs inferior to or below the
aortic valve and is the cause of stenosis in about 10 to 12% of pediatric cases.??* In 90
patients described by Oztunc et al, sub-aortic stenosis was caused by a subvalvular
membrane in 67%, by a fibromuscular ridge opposite the level of the mitral annulus in
22%, by a combination of a membrane and fibrous ridge in 4% and by a subvalvular
fibromuscular collar or tunnel in 7%.** Subvalvular membranes usually occur just below
the aortic valve as a thin fibrous membrane within a normal outflow tract. Subvalvular
fibrous rings or ridges occur about 1-2 cm beneath the aortic valve and may extend into
the left ventricular outflow tract for another 1 to 2 c¢cm. The obstructing tissue is
comprised of white fibroelastic tissue and may form a discrete band, an accumulation of
tissue bands, or a diffuse ridge that may extend across the outflow tract onto the base of
the anterior mitral leaflet. Subvalvular fibromuscular tunnels produce the most extensive
pathology and the most notable narrowing of the outflow tract, especially during systole.
The area of outflow tract narrowing may extend for several centimeters affecting all
borders of the outflow tract.

Despite the frequent involvement of the mitral valve in sub-aortic stenosis, the
ventricular surface of mitral leaflets remain normal with discrete stenosis, in contrast to
the thickened mitral valve in hypertrophic cardiomyopathy.? Turbulent, high velocity jets
produced by the sub-aortic obstruction produce thickened aortic valve cusps often
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distorting the cusps to produce aortic regurgitation with a propensity for endocarditis.”®
Sub-aortic stenosis is frequently associated with other congenital abnormalities. In the
patients studied by Oztunc, 42% were associated with patent ductus arteriosus,
ventricular septal defect or valvular aortic stenosis.*

Multiplane transesophageal echocardiography has greatly improved the detection of
sub-aortic stenosis in the adult patient.**** Using views obtained from the deep
transgastric, long axis transgastric and long axis mid esophageal, the left ventricular
outflow tract is very well visualized with excellent resolution for detecting the narrowing
produced as well as the sub-aortic membranes, ridges and tunnels. Color flow Doppler
routinely detects and locates the turbulence produced by the sub-aortic obstruction
separating it from the aortic valve. This is especially helpful for diagnosis when
conventional Doppler is not helpful from either the transesophageal or transthoracic
methods, owing to associated lesions such as a ventricular septal defect or concomitant
valvular stenosis.

Assessment of aortic stenosis

In classic aortic valvular stenosis there is a reduction of the aortic valve orifice area
secondary to pathology limiting aortic cusp motion. Typically, the aortic valve orifice
area must be reduced to about 25% of its normal size before there is significant effect on
circulatory hemodynamics. The normal aortic valve orifice area of 3-4 cm® must be
reduced to > 1.0-0.75 cm? before critical aortic stenosis is achieved.* This is somewhat
arbitrary, however, since critical aortic stenosis may occur at 1.0 cm? in larger patients
and be an adequate valve area in smaller patients with critical stenosis occurring with an
area of 0.7 cm*.**® The degree of severity of aortic stenosis is usually graded as mild (>
1.5 cm?), moderate (1.0 to 1.5 cm?) or severe (< 1.0 cm?.

The need for valve replacement is not determined solely by the absolute valve area or
transvalvular pressure gradient.**® Aortic valve replacement in aortic stenosis is based
largely on the presence or absence of symptoms, since it is not unusual to have normal
cardiac outputs with severe stenosis with mean transvalvular gradients > 50 mmHg.*"~>*
When Doppler aortic velocities of greater than 4 m/s are reached, patients generally are
or will soon become symptomatic.>* Angina, dyspnea or syncope usually occurs in 38%
of patients within 2 years and in 79% within 3 years.*>*

Echocardiography is useful to follow the progression of aortic stenosis over time, but
it may be difficult to individualize these data for specific patients.”>®® After moderate
aortic stenosis develops, the valve area has been shown to decrease with Doppler/echo
studies from 0.1 to 0.3 cm?/yr (average 0.12 cm?/yr), with pressure gradients increasing
from 10 to 15 mmHg/yr. These studies have also shown that the progression of aortic
stenosis is more rapid in degenerative senile disease than with congenital bicuspid or
rheumatic disease. In patients with severe aortic stenosis, echocardiography may be
appropriate on a yearly basis to assess the progression of left ventricular hypertrophy and
to detect the onset of left ventricular dysfunction.*®

When cardiac catheterization data is inconclusive for determining the degree of aortic
stenosis due to low cardiac output and left ventricular dysfunction, echocardiography
may be particularly useful in diagnosing the degree of aortic stenosis.®* In the presence of
left ventricular dysfunction and low cardiac output, transvalvular gradients of < 30
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mmHg may be obtained, even with severe or critical aortic stenosis. To distinguish
critical aortic stenosis from less severe cases in this scenario, dobutamine
echocardiography may be useful. With dobutamine echocardiography in cases of low
gradient stenosis due to low cardiac output, the aortic valve area increases with increases
in cardiac output in cases of mild to moderate aortic stenosis, and no change is detected
in critical stenosis.®* Conversely, in clinically high-flow rate states, the systolic gradient
may be high when only mild or moderate aortic stenosis is identified with
echocardiography.

The role of transesophageal echocardiography for the assessment of aortic stenosis is
limited, since most patients are adequately diagnosed by transthoracic echocardiography.
A major limitation of transesophageal echocardiography is the inability to obtain parallel
imaging planes for Doppler interrogation of the proximal aorta and left ventricular
outflow tract. Occasionally, parallel views are obtained from the deep transgastric view
or gastric views, but the aortic flow depth is too far into the far-field to yield diagnostic
results. Irrespective of these limitations, multiplane transesophageal echocardiography is
ordinarily used when discrepancies occur between the clinical scenario and/or the
transthoracic echocardiography study or cardiac catheterization data. This frequently
occurs when cusp motion or opening is not discernible by transthoracic echocardiography
due to a heavily calcified aortic valve, when there is significant left ventricular
dysfunction limiting cusp excursion, or occasionally in the assessment of a bicuspid
valve, especially with coexistent aortic disease or congenital abnormalities. Multiplane
transesophageal echocardiography is particularly advantageous in diagnosing these cases
of aortic stenosis by direct visualization of the valve opening and in evaluating the
subvalvular or supravalvular anatomy.

Many studies™ " have shown excellent correlations between aortic valve areas
measured with valve orifice planimetry performed with transesophageal
echocardiography and aortic valve areas obtained with cardiac catheterization,
irrespective of normal or impaired left ventricular function. The analysis of agreement of
aortic valve areas by transesophageal aortic planimetry, continuity equation by
transthoracic echocardiography and the Gorlin formula with cardiac catheterization was
reported by Kim et al,*®® and showed that the “limits of agreement” between the three
groups did not differ significantly and may be used interchangeably. Transesophageal
echocardiography is significantly most accurate in comparison to the Gorlin formula in
mildly or moderately calcified valves and may overestimate the area of severely calcified
aortic valves.”

Multiplane transesophageal echocardiography provides high-resolution, detailed
images, due to the close proximity of the aortic valve to the transducer in the mid
esophageal position. The aortic valve opening is easily viewed enface in a near perfect
transverse plane, with slight rotation of the transducer from 0 to 90 degrees (average 15—
30 degrees) with multiplane probes.

Numerous studies™" have shown the clear superiority of multiplane transesophageal
echocardiography to monoplane or biplane transesophageal echocardiography for
planimetry of the aortic valve orifice and calculation of aortic valve areas. Short axis
images of the aortic valve are usually obtained in 88% of patients with biplane
transesophageal echocardiography, and in every patient with multiplane transesophageal
echocardiography. Hoffmann et al” have shown an excellent correlation of r = 0.95
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between multiplane transesophageal aortic valve planimetry and areas derived from the
Gorlin formula in the catheterization laboratory. Severe aortic stenosis with valve areas
of less than 0.75 cm? was predicted with a high sensitivity of 96% and a specificity of
88%. In addition, when there is no apparent visible orifice or when transesophageal
echocardiography fails to demonstrate leaflet motion, severe aortic stenosis is present
with Gorlin derived valve areas of less than 0.3 cm.

In addition, identification of aortic valve morphology is improved with multiplane
transesophageal echocardiography. Espinal et al”® reported the sensitivity and specificity
of multiplane transesophageal echocardiography versus biplane transesophageal
echocardiography in 710 patients undergoing aortic valve replacement for the detection
of bicuspid versus tricuspid aortic valve morphology. The sensitivity for multiplane
transesophageal echocardiography was 87% with a specificity of 91%, and for biplane
transesophageal echocardiography the sensitivity was 66% with a specificity of 56%.

The planimetered aortic valve area correlates well with the continuity equation and the
Gorlin formula derived from catheterization data.””’® Unlike the Gorlin formula,
however, transesophageal echocardiographic aortic valve areas are not substantially
altered by changes in transvalvular volume flow. With the addition of color flow
Doppler, the flow orifice is readily identified along with any aortic insufficiency that may
be present. Morelli and colleagues have shown that planimetery of the aortic valve area
with multiplane transesophageal echocardiography is reliable even in the presence of
significant aortic regurgitation.”

Conventional Doppler assessment of aortic stenosis is a little more difficult with
transesophageal echocardiography, since most views do not allow for the proper parallel
alignment of the Doppler ultrasound beam to the left ventricular outflow tract or aortic
transvalvular flow.2>** The most appropriate views for Doppler assessment are the
transgastric longitudinal long-axis view or the frontal deep transgastric view.
Unfortunately, these views may be difficult to obtain, especially in patients with aortic
stenosis due to the horizontal heart position produced by left ventricular hypertrophy,
marked left atrial enlargement or with coexisting extensive mitral annular calcification.
When these views are obtainable, however, accurate pressure gradient estimation can be
achieved with pulsed and continuous wave Doppler, which correlate nicely with those
obtained with transthoracic echocardiography and cardiac catheterization. In the
transgastric probe position, the left ventricular outflow tract with the aortic valve may be
obtained by obtaining the short-axis mid-papillary muscle view at 0 degrees and then
rotating the transducer from 90 to 135 degrees until the left ventricular outflow tract
comes into view, with the aortic valve plane appearing roughly in the middle of the image
sector. In this view, the left ventricular outflow tract diameter can be measured and
continuous and pulsed wave Doppler interrogation can be done in an almost parallel path.
Continuous-wave Doppler enables estimation of maximum instantaneous and mean
transvalvular pressure gradients by application of the modified Bernoulli formula. With
the addition of pulse-wave Doppler of the left ventricular outflow tract, the continuity
formula may be used to calculate aortic valve area.

The feasibility and learning curve for doing Doppler transesophageal
echocardiography for aortic valve area determination was reported by Stoddard et al.®
Aortic valve areas were initially successful in only 56% of patients studied with Doppler
transesophageal echocardiography, compared with 88% after the technique was
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established. After becoming comfortable with the technique, mild, moderate and severe
aortic stenosis was correctly identified in 93%, 79% and 77% of patients respectively, in
comparison with aortic valve planimetry by transesophageal echocardiography.
Blumberg et al,® studied 39 patients with multiplane transesophageal echocardiography,
and transthoracic echocardiography, and found good correlation in 90% of the patients in
whom transesophageal echocardiography measurements could be obtained, with good
intra- and interobserver variability. Correlations between maximal pressure gradients (r =
0.95, p < 0.0001), mean pressure gradient (r = 0.93, p < 0.0001) and aortic valve area (r =
0.97, p < 0.0001) were excellent. In 22 patients who underwent cardiac catheterization,
the maximal versus peak-to-peak pressure gradient (r = 0.85, p < 0.0001), mean pressure
gradient (r = 0.82, p < 0.0001) and aortic valve area (r = 0.88, p < 0.0001) were highly
significant.

Multiplane transesophageal Doppler echocardiographic assessment of aortic valve
stenosis is also feasible in the critical care setting in mechanically ventilated patients,
which specifically hampers the transthoracic approach. Blumberg et al® reported that
multiplane transesophageal Doppler/echocardiography was feasible in 89% of patients
during mechanical ventilation, and good correlations were obtained with transthoracic
echocardiography (maximal pressure gradient r = 0.93, mean pressure gradient r = 0.91,
aortic valve area r = 0.97) and cardiac catheterization (maximal pressure gradient r =
0.84, mean pressure gradient r = 0.80, aortic valve area r = 0.84).

Although flow dependence does not affect aortic valve planimetry for aortic stenosis,
flow dependence does affect valve area determination by the continuity equation and the
Gorlin formula according to the morphological characteristics that cause the stenosis.
Shively et al®® have shown that the slope of flow dependence for valve area in patients
with aortic stenosis is different for calcific tricuspid aortic stenotic valves compared to
bicuspid or rheumatic aortic stenosis, in which the valve orifice is usually off-center or
ovoid in shape.

Tribouilloy et al™ reported the usefulness of transesophageal echocardiography to
predict significant coronary artery disease, in aortic stenosis with the demonstration of
thoracic aortic plaque. The severity of thoracic aortic plague was the most significant
independent predictor of coronary artery disease, along with angina and age. In 63
patients with significant coronary artery disease, plaque was shown in 57 patients, but
was only present in 19 of 69 patients with normal or mild coronary artery disease.
Transesophageal echocardiography identified coronary artery disease with a sensitivity of
91%, a specificity of 73% and a positive predictive value of 75% and a negative
predictive value of 89% in patients with aortic stenosis.

|85

Aortic valvuloplasty

Although aortic valvuloplasty has a limited role in the treatment of aortic stenosis in the
adult patient, multiplane transesophageal echocardiography serves as a useful adjunct to
the procedure. Since Cribier® first reported the dramatic relief of symptoms in three adult
patients with critical aortic stenosis and balloon aortic valvuloplasty who were not
surgical candidates, numerous subsequent reports have substantiated incomplete relief of
aortic valve obstruction with a high rate of restenosis in older patients undergoing aortic
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valvuloplasty.®”~® Results have shown only modest reductions in aortic valve gradients,
with small improvements in aortic valve area and restenosis, occuring in more than half
of the patients within 6 months.®"

The lack of reduction in aortic valve gradients and increase in valve area in patients
with degenerative aortic stenosis should probably be expected, since direct visualization
of the valve after valvuloplasty does not show any change in the appearance of the
valve.*® The proposed mechanism of improving valve area lies in the fracture of calcific
deposits in the valve cusps, which only permits increased mobility of the valve.
Nevertheless since the relationship of outflow tract obstruction to the increase in after-
loading conditions of the heart follows a curvilinear rather than linear trend, a small
increase in valve area, albeit still in the severe range (0.7 to < 1.0 cm?, may result in a
dramatic improvement in symptoms.®* In addition, even though there is a high restenosis
rate, some individuals may not reach the critical level of obstruction with restenosis, and
may remain free of symptoms for 1 year. This is most common in younger patients with
less calcified valvular pathology.® %

Since the natural history of critical aortic stenosis shows dismal 1 to 3 year survival
rates in elderly patients when valve replacement is not done, valvuloplasty may be the
only alternative treatment for these patients.”” The current recommendations for aortic
balloon valvuloplasty have largely evolved as a bridge to another procedure.f%% |n
older patients who require non-cardiac surgery and are at high risk of mortality or
morbidity, successful valvuloplasty may allow the patient to undergo non-cardiac surgery
with a reduced risk.** In patients with cardiogenic shock and critical aortic stenosis, aortic
valvuloplasty may help to stabilize hemodynamics substantially and allow further cardiac
intervention.’® Patients in whom the severity of aortic stenosis is difficult to determine,
due to low cardiac outputs and low gradients coexisting with left ventricular dysfunction,
may be unmasked with aortic valvuloplasty. The decision to undergo valve replacement
may be entertained if the left ventricular function improves after valvuloplasty. Aortic
valvuloplasty may also be considered for adolescent and young adults to prolong the time
to aortic valve replacement, especially if significant valvular calcification is not present.

The role of transesophageal echocardiography in aortic balloon valvuloplasty is
considerable. It may assist in obtaining successful results and serve as an early indicator
of procedure complication. In the pre-evaluation of aortic valvuloplasty the
transesophageal procedure for valvuloplasty is identical to that done to assess aortic
stenosis, with visualization in the same views and using the same techniques in the
Doppler examination. The left ventricular outflow tract and aortic root should be
visualized in numerous planes to exclude the presence of sub-or supra-annular stenosis.
The aortic valve annular dimension is determined from the longitudinal view obtained
between 100 to 135 degrees from the gastric window. The annular dimension dictates the
balloon size used, and balloons larger than 120% of the annular dimension should be
avoided as to not overdilate the valve.*® The presence or absence of aortic regurgitation
should be documented to serve as a baseline for post-valvuloplasty comparison. If
technically feasible, Doppler gradients and valve area may be obtained by the continuity
equation and valve motion may be assessed again, to serve as baseline variables as to the
severity of aortic stenosis.

The catheter position and relative balloon position are observed. The inflation and
deflation visualized and optimal balloon position noted. Visually the balloon should
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appear to inflate initially with a “waist” centered within the valve plane, and it ultimately
assumes a sausage or oval shape when fully inflated, to give the impression that the
balloon occupies the total area of the aortic root. During the procedure there is generally
not enough time to calculate aortic valve areas with the continuity equation etc, therefore
improvement is assessed usually just by observing valve motion.

The post-procedure echocardiogram should rule out complications, notably
development or worsening aortic regurgitation, development of dissection or pericardial
effusion. Aortic regurgitation after aortic valvuloplasty plays a smaller role than with
mitral valvuloplasty since it usually occurs in only 10 to 15% of cases and is a significant
problem in less than 2% of patients.?’ 2% This probably coincides with the observations
that visually the aortic valve does not change much after dilation, and in most cases
splitting of the leaflets does not occur as splitting of the commissures does in most cases
of mitral stenosis. Rarely, attributable to using an excessively large balloon(s) in
reference to the annular dimension, rupture of the aortic annulus, aortic wall tears or
leaflet disruption may occur. If aortic regurgitation occurs due to leaflet disruption, flail
or prolapsed leaflets may be seen.%” In extensive aortic wall tear, aortic dissection may be
seen.®® Due to the stiffness of the catheters used, cardiac chamber perforation may
occur, with resultant pericardial effusion and possibly pericardial tamponade. Doppler
determinants of gradient and aortic valve area should coincide with a reduction in
gradient of 50% and an improvement in valve area, which rarely exceeds 1.0 cm?,

Aortic regurgitation

The four most common causes of pure aortic regurgitation include post-inflammatory or
rheumatic disease, congenital aortic valvular disease, aortic root dilatation (Marfan’s
disease) and infectious endocarditis.®®*° In contrast to aortic stenosis, there are
numerous pathologies that cause aortic regurgitation, which produce structural changes
readily shown with multiplane transesophageal echocardiography (figure 3.13). In
addition, unlike aortic stenosis, which is usually associated with some degree of
regurgitation, “pure” aortic regurgitation may be present as an isolated finding without an
obstructive aortic component or associated mitral valve dysfunction. Through
echocardiography, the etiology of aortic regurgitation can be defined by describing the
primary structural abnormalities produced by the disease process according to
involvement of the valve and/or the aorta. Specifically, primary pathologies of aortic
regurgitation can be further elucidated by describing the effect produced on the motion of
the aortic valve leaflets; ie, normal leaflet motion, excessive or prolapsing leaflet motion,
or restricted leaflet motion.'® In over 75% of cases the pathology primarily affects the
valve, and in most of the other cases the aortic root is the primary site of involvement. In
aortic regurgitation associated with systemic hypertension, neither the valve nor the aorta
illustrates the primary site of involvement.® Ankylosing spondylitis is the only disorder
in which the valve and aorta are both primarily involved.’® The disease process of
ankylosing spondylitis involves the wall of the aorta behind the sinuses of Valsalva and
extends to involve the basal portion of the aortic valve cusps, portions of membranous
septum and the anterior mitral leaflet.!®® Congenitally malformed aortic valves are least
likely to be purely regurgitant unless associated with infective endocarditis, and then they
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account for the largest percentage of purely regurgitant valves that are not rheumatic.** It
has also been suggested that patients with bicuspid valves have a higher prevalence of
severe aortic regurgitation than patients with tricuspid aortic valves.'*
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Figure 3.13 Unlike aortic stenosis,
there are numerous pathologies
associated with aortic regurgitation.



Aortic valvular disease 309

With multiplane transesophageal
echocardiography the etiology of aortic
valve regurgitant pathology may be
determined by noting specific
structural changes found in the aortic
valve complex. Pathology may
produce modifications in structure or
function of the aortic valve cusps, the
annulus, or aorta individually or in
various combinations. Artist’s
rendition of the typical diastolic
longitudinal view of the aortic root at
100 degrees and the short axis view of
the aortic valve at 45 degrees. Normal
tricuspid aortic valve. Bicuspid valve,
two cusps with or without raphe.
Prolapsing right coronary cusp.
Rheumatoid arthritis, cuspal nodules.
Degenerative, slightly dilated aorta,
focal cuspal fibrous thickening and
calcification, mitral annular
calcification. Rheumatic fever,
commissural fusion, extensive fibrous
thickening, diffusely thickened anterior
mitral leaflet, mild calcification.
Ankylosing spondylitis slightly
thickened aortic wall, thickened cuspal
margins, fibrous thickening of the
anterior mitral leaflet. Endocarditis,
vegetation, loss of cuspal tissue or
focal thickening, perforation.
Hypertension, dilated ascending aorta,
focal fibrous thickening, central leak
secondary to taut margins of closure.
Marfan’s dilated aorta, taut margin or
closure, redundant cusp, weakened
aortic wall with focal aneurysm, loss
of sinotubular junction narrowing.
Auortitis, aortic root dilatation, large
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central leak. Traumatic, tear or
laceration, disruption of aortic wall,
flail leaflet. (Modified from Waller
B.F. Rheumatic and non-rheumatic
conditions producing valvular heart
disease. In Frankl, WS and Breast, AN
(eds). Cardiovascular clinics. Valvular
Heart Disease: Comprehensive
Evaluation and Management.
Philadelphia; F.A. Davis, 1986:30-31).

Other causes of purely regurgitant valves include floppy valves secondary to
myxomatous degeneration, traumatic cusp tears (usually associated with an aortic
disruption from trauma or dissection), discrete sub-aortic stenosis, systemic lupus
erythematosus, rheumatoid arthritis nodules or granuloma, mediastinal irradiation,
metastatic sarcoma, tricuspid aortic valves associated with ventricular septal defects and
surgical trauma.'® Although the aortic valve may be intrinsically normal, pure aortic
regurgitation may result from primary disease of the ascending aorta including syphilis,
non-inflammatory disease (Marfan’s or Marfan-like disease; ie, Ehler-Danlos syndrome,
homocystinuria and osteogenesis imperfecta), aortitis (non-specific or inflammatory),
rheumatoid arthritis, laceration of the aorta (dissection, trauma, ruptured sinus of
Valsalva aneurysm) which all involve the aortic root, and specifically the aortic
annulus.*® The hallmark of most of these subgroups is the demonstration of varying
degrees of focal or diffuse elastic and/or smooth muscle destruction and absence of an
active inflammatory process.***

Eloquent descriptions of the mechanisms that cause AR as it relates to aortic valve and
root anatomy have been provided by Thubrikar and others.****® The main purpose of the
aortic valve complex is to provide the structural integrity necessary to allow the aortic
valve cusps or leaflets to interact properly during systole and diastole; ie, full opening of
the valve during systole with minimal gradient and complete closure of the leaflets during
diastole, and minimal valve leaking.

Specifically with regard to aortic regurgitation, the architecture of the valve and root
must be able to withstand the high diastolic pressure transmitted to the closed valve from
within the aorta. The aortic annulus is defined by the area of attachment of the aortic
cusps to the aortic wall, and is frequently described as not a true anatomical annulus. Due
to the scalloped attachment of the aortic cusps, the aortic annulus has a larger vertical
height corresponding to the dimension of the whole sinus of Valsalva, in contrast to the
height of the mitral annulus with the leaflets attached in a circular orientation in a smaller
vertical plane roughly corresponding to the depth of the fibrous skeleton. In this regard
the aortic annulus protrudes above and below the horizontal plane or depth of the fibrous
skeleton. The aortic annulus is divided into subcommissural and supracommissural
(supra-aortic crest) areas to define the full extent of the annulus. This orientation of
annular leaflet attachment frequently leads to confusion when conceptualizing the aortic
annulus, and often only the subcommissural area or the inferior vertical plane produced
by cusp closure is referred to as the aortic annulus. The aortic valve cusps are attached to
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the aortic wall in a semicircular fashion, with the commissures producing the apex of a
tall narrow triangle between the union of the cusps. This orientation of each cusp
produces the load-bearing architecture necessary for withstanding the diastolic pressure.
The broader vertical height and narrow width of the interleaflet triangle promotes the
leaflet surface area necessary for complete cuspal coaptation. In addition the lunula
provides even greater surface area and serves to reinforce the free margin of the edge of
the cusps. The maximum load point at the center of each cusp is further reinforced by the
nodule of Arantus. A further thickening of the central position leaflet lunula. Working in
unison, the valve cusps and commissures support the load during closure.

Cases of aortic regurgitation without significant annular dilatation and normal leaflet
motion may be illustrated in occasional cases of rheumatic pathology, with similar
findings occurring with systemic hypertension. Fibrous thickening of one or more cusps
occurs without significant cuspal retraction or commissural fusion. Absent or only small
amounts of calcific deposits produce cuspal margins that become shorter than normal,
resulting in abnormal coaptation of the three cusps and usually producing a mild (or, less
commonly, moderate) central leak.

Isolated annular dilatation with normal or slightly restricted leaflet motion is
associated with a central leak roughly in the middle of the valve plane. The most frequent
abnormality is widening of the narrow interleaflet triangle, which prevents leaflet
apposition at the central load-bearing point. With aortic regurgitation resulting from
annular dilatation and excessive leaflet tissue, such as with aortic valve prolapse or
bicuspid valves, the annular architecture is further disrupted. The annular dilatation
results in widening of the interleaflet triangle. In addition, the excessive tissue or leaflet
size mismatch results in regurgitation as the load-bearing point changes along the valve
coaptation plane and/or the excessive tissue protrudes past the line of closure as dictated
by the other leaflets, producing an eccentric regurgitant jet. Specifically with bicuspid
valves the maximum load point is further disrupted by the lack of a well-formed lunula
and nodule of Arantus in the conjoined aortic cusp, and by the position of the raphe if
present which has its insertion point below the sinotubular junction toward the base of the
sinus of Valsalva.

Restricted aortic valve motion may be associated with normal or, occasionally, with a
mildly dilated annulus. The load-bearing point will be related to the area where the leaflet
is restricted, causing the normal leaflet to move past the restricted and shortened cuspal
margin in the normal valve coaptation plane. In all types, when leaflet fibrosis or
calcification occurs, primarily or secondarily, due to the progression of the pathology,
leaflet motion is altered and the maximum load-bearing point may change.

The mechanism and pathological cause of valve dysfunction may also be determined
by describing the character of the color flow jet of aortic regurgitation.’® With
transesophageal echocardiography the valve mobility, jet direction and jet origin between
the cusps is eccentric, central or diffuse. Bicuspid and tricuspid aortic valve prolapse is
associated with excessive valve mobility (69%) and eccentric jet direction and origin. In
patients with annular dilation, rheumatic disease, sclerosis and perforation the AR is
associated with normal or reduced cusp mobility (71%) and a central jet direction and
origin is seen.

Aortic valvular disease has also been reported after exposure to fenfluramine,
dexfenfluramine and phentermine, serotonin-like drugs similar to ergotamine induced
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valvular disease or carcinoid disease. Connolly et al characterized the changes produced
in the aortic valve as thickened (focal or diffuse) and mildly retracted valve leaflets,
resembling rheumatic disease without stenosis.™* The aortic valve is the most commonly
affected valve, which usually results in mild to moderate degrees of aortic regurgitation.
The development of significant aortic regurgitation does not correlate with the dose or
duration of phen-fen therapy.? It does appear that the prevalence of significant valvular
regurgitation is related to the duration of exposure to the anorectic agents (fenfluramine
and dexfenfluramine) and occurs in around 30% of patients who take the drugs, although
many dispute this finding.** The natural history of the valvular disease is unknown at the
present time, but the valvular disease may resolve after withdrawal of the anorectic
drugs.'** The phen-fen aortic valvular disease controversy has prompted the premise that
aortic regurgitation is related to obesity and age-related changes, but this has largely been
refuted by the Strong Heart Study.''® Aortic regurgitation occurred in 10% of middle-
aged to older adults and was related to increased age, larger aortic root diameter, aortic
and mitral stenosis and albuminuria, and not to being overweight. There was a negative
association with diabetes. In addition, the frequency of aortic regurgitation in anorectic
drug use does appear to be higher than that expected in the general population.

Aortic regurgitation is classified as acute or chronic. In the acute type, significant
aortic regurgitation is produced in a short amount of time. Hemodynamically, the normal
left ventricle suddenly experiences a large regurgitant volume, which rapidly increases
end-diastolic pressure and left atrial pressure. Despite the development of tachycardia,
the Frank-Starling mechanism for increasing ventricular performance is overwhelmed,
which results in a decrease in forward stroke volume. The end result of acute aortic
regurgitation is rapid equilibration of aortic and left ventricular diastolic pressure, which
results in a short regurgitant diastolic half time (< 300 ms), a short mitral deceleration
time (< 150 ms) and premature closure of the mitral valve. In addition to identifying these
findings with Doppler, visualizing the aortic valve and aorta with multiplane
transesophageal echocardiography usually identifies the cause of acute aortic
regurgitation. Since acute aortic regurgitation is not tolerated well hemodynamically,
emergency surgery is usually necessary and transesophageal echocardiography is an
excellent test for a rapid diagnosis.

Chronic aortic regurgitation produces a combined volume and pressure overload to the
left ventricle, due to its slow progression. Left ventricular function is preserved despite
the increase in afterload produced by the regurgitation, owing to recruitment of preload
reserve and the compensatory LV hypertrophy that occurs. Initially the ejection fraction
is normal or increased, but as aortic regurgitation worsens, the ejection fraction slowly
falls below normal with progressive chamber enlargement producing a spherical left
ventricular geometry. Often a fall in ejection fraction occurs with exercise, despite
remaining normal at rest. Dyspnea occurs with declining systolic function and elevated
filling pressures although this may not be noticeable until severe left ventricular
dysfunction has developed. Initially, left ventricular dysfunction is reversible; therefore
timing of aortic valve surgery is crucial. Various reports have shown that left ventricular
systolic function and end-systolic size are the most important determinants of survival
and improvement in postoperative left ventricular function in patients undergoing aortic
valve replacement.™*® With this in mind, patients are being taken to surgery, especially
if repair is feasible, when they show left ventricular dysfunction even if they are
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symptom-free. Transesophageal echocardiography is very good in confirming the
diagnosis of aortic regurgitation and often elucidates the cause through defining the valve
morphology. It is also useful for assessing left ventricular dimension, mass and systolic
function as well as aortic root size. Doppler provides a semiquantitative estimate of the
severity of regurgitation.

Aortic regurgitation may also occur as a result of spontaneous laceration of the aorta
producing a flail aortic valve.* In addition, aortic regurgitation may be found after mitral
valve nlaz%air when the annuloplasty ring interferes with the aorto-mitral intervalvular
fibrosa.

Assessment of aortic regurgitation

The transesophageal echocardiographic assessment of aortic regurgitation includes color-
flow Doppler imaging, continuous-wave and pulsed-wave Doppler. Most of the
echocardiographic/Doppler data on the quantification of aortic regurgitation for
multiplane transesophageal echocardiography is extrapolated from the transthoracic
literature. In the few reports available that compare transesophageal with transthoracic
quantification of aortic regurgitation severity, there is good correlation as long as the
imaging planes obtained provide parallel interrogation of the left ventricular outflow
tract.’®! The same physiological and technical factors that affect the dimensions of the
regurgitant jet, that pertain to transthoracic imaging apply to transesophageal
echocardiography. The size of the regurgitant jet area, particularly the length of the jet
will be determined by the compliance of the left ventricle, duration of diastole and the left
ventricular end diastolic pressure. Technically the regurgitant jet should be maximized
and assessed in multiple planes with attention to the gain setting, angle dependence and
transducer frequency. As with transthoracic studies, most methods for assessing aortic
regurgitation are most valid when the jet is central rather than eccentric in orientation to
the valve plane.

When echocardiography shows severe left ventricular dysfunction with only mild
aortic regurgitation, other causes of left ventricular dysfunction should be excluded such
as cardiomyopathy, coronary artery disease or hypertension. With severe aortic
regurgitation and left ventricular dysfunction, aortic valve replacement should be
considered in symptomatic patients with ejection fractions of 25 to 49%, in patients
without left ventricular dysfunction who show NYHA class l1/IV symptoms, and in
symptom-free patients with end-diastolic dimensions > 75 mm or end-diastolic
dimensions > 55 mm and normal ejection fractions.'? It is important to remember that
women tend to develop symptoms and/or left ventricular dysfunction with less left
ventricular dilation than men, shown by an excess late mortality in aortic valve
replacement.*® Therefore, surgical correction of aortic regurgitation should be considered
when the left ventricular end-systolic dimension is 25 mm or greater when corrected for
body surface area. In aortic regurgitation in the setting of aortic root dilation, aortic valve
replacement may be considered when the root diameter is > 50 mm.

Color-flow imaging and conventional continuous and pulsed wave Doppler of the
aortic regurgitation jet is best accomplished in the deep transgastric views at 0 to 15
degrees or the longitudinal gastric view at 125 to 135 degrees, which best show the left
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ventricular outflow tract. The size of the color flow regurgitant jet, including length or
maximal extent, correlates poorly with the angiographic grade obtained from any view.
Good correlation has been shown however, with determining the ratio of the regurgitant
jet area to the annulus area obtained in the short axis plane with color-flow imaging.'?>*?
The width of the proximal regurgitant jet relative to the left ventricular outflow tract
dimension in the longitudinal plane is also a good predictor of the severity of aortic
regurgitation when compared with angiographic grade with central regurgitant jets but
falls short with eccentric jets.*?® Aortic regurgitation is graded as I to IV to correlate with
angiographic grade, corresponding to the ratio obtained of the proximal jet area or width
to the left ventricular outflow area or width.*** Mild or Grade | aortic regurgitation
corresponds to a ratio of less than 0.25, moderate or Grade Il to a ratio of 0.25-0.46,
moderate-severe or Grade 11l to a ratio of 0.47-0.64, severe or Grade 1V to a ratio equal
to or greater than 0.65.

Willems et al have shown that the reproducibility of jet-left ventricular outflow tract
diameter is better than the jet-left ventricular outflow tract area measurement, and is more
accurate in assessing the severity of aortic regurgitation from color Doppler images.**®

The effective regurgitant orifice area (EROA) is a basic determinant of the regurgitant
volume (RV) and therefore a good determinant for the severity in aortic regurgitation.'?®
Reimold et al demonstrated that with chronic aortic regurgitation both the jet width and
Doppler-derived regurgitant orifice area increased over time, suggesting that one factor in
the progression of aortic regurgitation is enlargement of the orifice.’?” The RV can be
calculated from the difference between the left ventricular ejection flow volume and
either the transmitral inflow volume or the pulmonary outflow volume.

Aortic regurgitant volume = (D?x 0.785 x TVl yor) — (D?x 0.785 X TVIy)

The regurgitant fraction is represented by the percentage of regurgitant volume compared
with the total flow across the regurgitant aortic valve.

Regurgitant fraction = (Aortic regurgitant volume/LVOT stroke volume) x
100%

Regurgitant orifice area can be estimated with the PISA method or vena contracta
methods.

Flow rate = 2nr® x aliasing velocity

ERO = Flow rate/peak AR velocity = 6.28 x r” x aliasing velocity/peak AR
velocity

Measuring the width of the vena contracta, the smallest area of regurgitant flow jet at its
origin, provides a good method for assessing the severity of aortic regurgitation,
irrespective of whether the jet is central or eccentric.*® Tribouilloy et al studied 79
patients with aortic regurgitation with the vena contracta method and obtained good
correlations  with  quantitative Doppler and two-dimensional transthoracic
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echocardiography.'® A vena contracta width of > 6 mm and a calculated EROA > 30
mm? predicted severe aortic regurgitation with a sensitivity of 95% and specificity of
90%.

The proximal isovelocity surface area (PISA) method is also useful for determining
the severity of aortic regurgitation with both transthoracic and multiplane transesophageal
echocardiography.**° Sato et al determined that PISA is also accurate for eccentric aortic
jets.**32Values of PISA radius > 0.70 cm and EROA > 0.25 cm? were always associated
with a regurgitant fraction 40%, while PISA radius < 0.70 cm and EROA < 0.25 cm?
were always associated with a regurgitant fraction < 0.40. Underestimation of the EROA
by PISA may occur in patients with an obtuse flow convergence angle (> 220°), but
otherwise it is excellent.*®

Other signs of severe aortic regurgitation include holodiastolic flow reversal shown in
the descending thoracic aorta, and a shortened deceleration time of the mitral early
diastolic E wave flow and shortened pressure halftime and deceleration time of the aortic
regurgitant jet determined with continuous wave Doppler. The slope and pressure half-
time of the aortic regurgitation velocity curve are rate-dependent; the relative-pressure
half-time appeared to limit the influence of the heart rate on pressure half-time.™*

In patients without parallel imaging planes of the left ventricular outflow tract,
diastolic flow reversal in the descending aorta may be used to assess aortic regurgitation.
Sutton et al studied 45 patients with aortic regurgitation during surgery and found that
identifying aortic flow reversal in the descending aorta confirmed the presence of severe
aortic regurgitation.** Aortic valve replacement successfully eliminated the flow
reversal.

Regurgitant volume and fraction can be measured by the volumetric method, using the
continuity formula. Total forward volume or flow across a valve is the sum of systemic
stroke volume and regurgitant volume. The regurgitant volume is calculated by
determining the difference between the total forward stroke volume and the systemic
stroke volume. As long as there is no concomitant significant mitral regurgitation the
volumetric method for aortic regurgitation may be calculated from the difference between
the stroke volume across the left ventricular outflow tract and mitral inflow. In clinical
practice, numerous methods are used in combination to estimate the severity of aortic
regurgitation.

Vilacosta et al studied the pulmonary and mitral inflow patterns in aortic
regurgitation.'* Patients with severe acute aortic regurgitation showed an absence of the
transmitral A wave with prominent pulmonary venous AR wave (retrograde atrial kick).
These patients had a systolic/diastolic ratio < 1 (restrictive Doppler pattern). Patients with
chronic aortic regurgitation had a Doppler pattern of abnormal left ventricular relaxation
E/A ratio < 1, systolic/diastolic pulmonary venous flow ratio > 1.

There is progressive dilation of the aortic root at all levels, even in patients with mild
AR. More rapid progression in aortic size is associated with more rapid progression of
the underlying aortic insufficiency, as well as more rapid increases in left ventricular
volume and mass.**
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Aortic valve repair

In contrast to the success and acceptance of mitral valve repair, aortic valve repair is not
as well accepted or supported by the medical literature.”*” ™ In many studies, aortic
valve repair in the setting of aortic stenosis and aortic regurgitation has shown a wide
variety of results, with certain institutions demonstrating better results than others. Good
results with aortic valve repair seem to be highly dependent on the surgical expertise and
patient selection in either aortic stenosis or aortic regurgitation. The specific pathology
and its affect on the valve also appear to influence postoperative results. In addition, there
have been many new alternatives for replacement of the aortic valve such as allografts,
stentless bioprostheses and pulmonary autografts that have also limited the surgical
enthusiasm for aortic valve repair. In any event, aortic valve repair remains a good
alternative to prosthetic valve replacement with its inherent drawbacks and
complications, in selected cases. In mild and moderate aortic regurgitation, aortic valve
repair with cusp resuspension for prolapse or when associated with dissection, and aortic
root remodeling with annuloplasty techniques provide good long and short-term results.
Although there appears to be less experience with aortic stenosis, commissurotomy and
debridement and decalcification of the valve cusps have had reported success in a few
cases. As with mitral valve repair, multiplane transesophageal echocardiography plays an
essential role and successfully defines the pathology and valvular structure, which greatly
assists in identifying patients appropriate for repair, as well as assessing the results of the
techniques used for surgical aortic repair. The specifics of performing a transesophageal
echocardiogram are similar to that for assessing aortic regurgitation and are summarized
in table 3.2.

Whereas repair of congenital aortic disease is an attractive option, avoiding
replacement with a prosthetic valve, repair of rheumatic and degenerative aortic valves
has largely been abandoned because of poor results. In senile or degenerative
calcification, the aortic cusps are usually more affected than the commissures. There is
preservation of the gross anatomical structure of the aortic valve, with bar calcification
present on the surface of the cuspal body and the bottom of the sinuses, which restrict
leaflet motion and produce stenosis. Mechanical decalcification of the leaflet cusps and
surgical commissurotomy has mixed results. The groups with the best results, usually
dealing with focal calcific pathology, report about 50% survival after 12—-20 years, with
75-100% free from reoperation or valve related symptoms at 8-12 years with mechanical
debridement.****! In rheumatic stenosis, repair is generally unsuccessful due to cusps
that are usually very retracted and distorted where calcification is usually diffuse,
resulting in calcification of the full thickness of the leaflet and/or fusion of the
commissures. Only 20% of patients are free from re-operation after 12 years. Generally,
aortic valve repair may be attempted in rheumatic disease, if the pathological process is
not diffuse and the cusps can be easily shaved or simple commissurotomy may be done
with good results common.
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Figure 3.14 Artist’s rendition of aortic
valve reparative techniques. A. Aortic
dissection. Aortic valve repair with
resuspension of the native valve
provides competence to the valve
cusps eliminating aortic regurgitation.
Surgical resuspension of the aortic
valve in these cases significantly
decreased the root size and restored
structural integrity to the aortic
annulus, significantly decreasing
postoperative aortic regurgitation to
trace to mild degrees. After repair the
pledgets are often visible along with
the cuspal margins. B. Aortic valve



Atlas of multiplane transesophageal echocardiography: volumel 318

prolapse. In repairing a bicuspid aortic
valve a triangular resection is done,
removing the prolapsing segment
including the raphe if present to
achieve leaflet symmetry. After
resection, the triangular defect is
closed with a continuous suture line. In
addition, focal areas of fibrous
thickening or calcification may be
trimmed or shaved to promote good
cuspal mobility. C. Aortic valve
perforation. Perforations or fenestrated
valve cusps may be repaired with
resection or patching with pericardium
when large. D. Annular plication.
Annular plication is done at all
commissures. This technique uses a
pledgeted horizontal mattress suture
through each commissure of two
leaflets. The height of the interleaflet
triangle produced is determined by the
depth in the sinus of the suture, which
dictates the resultant degree of leaflet
coaptation. After repair,
echocardiographically the valve should
appear normal with the exception of
the commissural pledgets, which are
usually visible and very echogenic in
diastole.

In contrast to aortic stenosis, rheumatic and congenital aortic regurgitation may be
more amenable to reparative surgical techniques. In rheumatic aortic regurgitation Duran
has described several techniques for aortic repair, including cusp augmentation or
replacement, cusp edge unfolding, and supra-aortic crest enhancement. Good results were
reported in patients for whom prosthetic valve replacement was not ideal, or avoided
placing a homograft or autograft in a root with rheumatic pathology.'*? Patients were free
from valve-related events in 77% of cases over a 2.5-year follow-up, even when the
surgical results were not perfect and aortic regurgitation was not totally eradicated.

Repair of congenital bicuspid valves, aortic valve prolapse and annular dilatation to

date have yielded the best results.****** As with mitral regurgitation, aortic regurgitation
can be grouped and described with echocardiography as Type |, normal cusp motion;
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Type I, excessive (prolapse) cusp motion; or Type 11, restricted cusp motion. Reparative
surgical techniques may then be directed towards the cause of the regurgitation. Aortic
regurgitation may be corrected through reducing the diameter of the aortic annulus,
which approximates the commissures by reducing the area in between the commissures,
which improves the geometry and shape of the aortic root—specifically the sinuses—and
which allows improved leaflet apposition with minimal leaflet stretching, effectively
promoting full leaflet closure and a competent valve. This may be accomplished with
reshaping or remodeling the subcommissural area and the supracommissural (supra-aortic
crest) level. In bicuspid and prolapsing aortic valves, Cosgrove et al have obtained the
best results thus far with wedge resection of the leaflet tissue (involving the raphe when
present) and sub-commissural annuloplasty, and have recently reported their long-term
results (figure 3.14).*** In a follow-up report on the intermediate results (mean follow-up
5.5 yrs [0.2 to 9 years]), freedom from re-operation was 95%, 87% and 84% at 1, 5, and 7
years respectively, with no deaths.'*® 12 patients out of 94 required an aortic valve
replacement or re-repair. The highest risk for re-operation occurred early after surgery
and fell to about 2% per year and less after 2 years. The presence of residual trace to mild
aortic regurgitation on immediate intraoperative post-repair transesophageal
echocardiographic examination was the only risk factor. Late occurring aortic
regurgitation did not progress over time. In patients with dilated and poorly functioning
left ventricles, valve repair was more difficult.

There may be several mechanisms for producing regurgitation in bicuspid aortic
valves. If present in the conjoined cusp, the raphe (whether it is calcified or not) may
cause some degree of restricted cusp motion. The free edge of the conjoined cusp is
longer and somewhat thickened than the other cusp, which produces prolapse and renders
the valve incompetent during diastole. In addition, the cuspal attachment of the bicuspid
valve is more shallow, rather than a semicircular attachment, effectively shortening the
commissure and widening the intercommissural area, stretching the unaffected cusp and
decreasing the load-bearing capability of the cusps. Jet lesions are produced on the cuspal
surface owing to regurgitation that promotes fibrosis, thickening and further restriction of
the cusp motion, in addition to providing a nidus for bacterial endocarditis that frequently
results in cuspal perforation.

In repairing a bicuspid aortic valve, a triangular resection is done, removing the
prolapsing segment, including the raphe if present, to achieve leaflet symmetry. After
resection, the triangular defect is closed with a continuous suture line. Annular plication
is performed at both commissures. This technique uses a pledgeted horizontal mattress
suture through each commissure of both leaflets. The height of the interleaflet triangle
produced is determined by the depth in the sinus of the suture, which dictates the
resultant degree of leaflet coaptation. In addition, focal areas of fibrous thickening or
calcification may be trimmed or shaved to promote good cuspal mobility.

In tricuspid aortic valve prolapse, repair has been performed when there is only one
prolapsing cusp with triangular resection in the prolapsing cusp to equalize the symmetry
of all three cusps, followed by commissural plication. Perforations or fenestrated valve
cusps may be repaired with resection or patching with pericardium when large.

Disruption of the aortic root with Type A dissection often produces significant aortic
regurgitation. Aortic valve repair with resuspension of the native valve provides
competence to the valve cusps, eliminating aortic regurgitation. Multiplane
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transesophageal echocardiography readily shows the severity of aortic regurgitation,
aortic root diameter, circumference of the aortic annulus, percentage of the annulus
dissected and the presence of leaflet prolapse. Keane et al described operative findings in
34 patients with proximal dissections and found the degree of dissection of the valve
annulus is the most significant determinant of leaflet prolapse and aortic regurgitation
severity.'*® Overall size of the aortic root also contributed to the degree of aortic
regurgitation. Surgical resuspension of the aortic valve in these cases significantly
decreased the root size and restored structural integrity to the aortic annulus, and
significantly decreased postoperative aortic regurgitation to trace to mild degrees.

In the report by Movosowitz et al, 50 patients with type A dissection were studied
with multiplane transesophageal echocardiography and over half of the patients exhibited
moderate or severe aortic regurgitation."*’ With transesophageal echocardiographic
examination the aortic valve leaflets were described as intrinsically normal, with one or
more surgically correctable lesions. Specifically, these aortic valves showed incomplete
leaflet closure due to leaflet tethering in a dilated aortic root, leaflet prolapse due to
disrupted leaflet attachments, and dissection flap prolapse through the aortic valve
orifice. Repair can be considered in such patients unless Marfan’s syndrome, bicuspid
aortic valve and aortitis may indicate aortic valve replacement.

Aortic valve endocarditis

Multiplane transesophageal echocardiography is excellent to detect aortic valve
vegetations and to detect the complication of infectious endocarditis. In studies
comparing transesophageal echocardiography with transthoracic echocardiography,
multiplane transesophageal echocardiography reliably detects vegetations between 2 and
5 mm, with a sensitivity between 90 and 100%.#*>

Vegetations usually occur on the ventricular surface of the aortic valve, and appear as
discrete masses with distinct echogenicity, with a distinct propensity for forming on
bicuspid valves. Aortic vegetations may be sessile or mobile, appearing as large localized
thickening of the aortic cusps or as mobile masses, which exhibit chaotic motion and
frequently prolapse between the left ventricular outflow tract and the aorta during the
cardiac cycle.™ Multiplane transesophageal echocardiography readily shows large
vegetations that affect the opening and closing of the aortic valve cusps by identifying
abnormal Doppler flows during systole and diastole. With the multiple planes, increased
resolution, and regional expansion (zoom) mode of multiplane transesophageal
echocardiography, vegetations may be distinguished from fibrous or filamentous mobile
strands such as Lambl’s excrescence or papillary fibroelastomas.

The complications of aortic valve endocarditis include local valvular cusp destruction
or extension of the infection into the periannular space. Perforations of an aortic cusp
associated with endocarditis may be seen in the short axis views depicting the abnormal
origin of regurgitant jets with color Doppler, which are not associated with the valvular
line of closure and may frequently be demonstrated as originating from the body of the
cusp. Flail aortic cusps are usually readily identified in longitudinal views, as shown by
prolapse of the cuspal body past the annular plane or as a deformed, disrupted cusp,
which exhibits chaotic or vibratory motion.**®
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Perivalvular spread of infection may occur with extension into the valve annulus or
adjacent myocardium (ventricular septum and rarely interatrial septum), and has been
shown in around 30% of postmortem and surgical cases of aortic valve endocarditis.****®
Annular abscess is usually an ominous sign, as denoted by a high incidence of severe
heart failure, heart block and fistula/pseudoaneurysm formation. Annular abscesses are
most frequently associated with aortic valve endocarditis (52 to 75%) in comparison with
the other valves, and when present are usually identified with multiplane transesophageal
echocardiography.*®* Annular abscesses are generally limited to the area of the perimeter
of the aortic valve dictated by the composition of the perivalvular tissue of the fibrous
skeleton, and are associated with the cusp showing a vegetation. In the report of
Baumgartner et al, the abscess was less than 1cm in 67%, larger but confined to the
perimeter of one cusp in 22%, large and associated with two cusps in 9%, and
circumferential in only one case (2%).'%? Occasionally, abscess is also noted without a
visible vegetation. Transesophageal echocardiography accurately shows periannular
abscess in 87 to 99% of cases when present and in 100% of cases when the ventricular
septum is involved.’**%* Aortic annular abscesses are identified as localized confluent
areas of echogenicity confined to the sub-commissure or subaortic perivalvular area
along the plane of the fibrous skeleton. Annular abscesses may appear as echodense or
echolucent regions distinct from the normal annulus or perivalvular tissue, which usually
distorts the normal appearance of the proximal aortic root. Initially, abscesses appear
more confluent, echodense and homogenous and as the abscess matures with pus it takes
on a heterogeneous or echolucent appearance and may appear multi-cystic. Rupture of
the abscess produces an echolucent free space or cavity, often with necrotic debris or
residue within the cavity and a large or a small fistulous communication with an adjacent
cardiac chamber. Blood flow entering the abscess cavity is frequently detected with color
Doppler during the cardiac cycle, identified with systolic expansion and diastolic collapse
of the cavity. In addition, abscess rupture may provide an abnormal communication
between cardiac chambers, producing significant turbulent shunt flow which is also
readily identified with color flow Doppler. Fistulous flow may commonly shown between
the aortic root and the left atrium or the aortic root and the left ventricular outflow tract
(ventriculoaortic discontinuity), in a single direction or a “to and fro” pattern. Rarely, a
communication is produced with the pericardial cavity, which produces pericardial
effusion and subsequent pericardial tamponade.

Table 3.1 Severity of Al with TEE

Degree of Ratio (%) Ratio (%) regurgitant ARPHT RF RV  ERO

Al regurgitant JA/LVOT area (msec) (%) (mL) (cmd
JW/LVOTp

Mild <30 <30 >400 <30 <25 <0.10

Severe >60 >60 <250 >55 >60 >0.30

Al, aortic insufficiency; JW, regurgitant jet width; LVOTyp, left ventricular outflow tract diameter;
JA, regurgitant jet area; LVOT .., left ventricular outflow tract area; ARPHT, aortic regurgitant
pressure half-time; RF, regurgitant fraction; RV, regurgitant volume; ERO, effective regurgitant
orifice area.
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Abscesses associated with the right coronary cusp may invade the proximal ventricular
septum and appear in longitudinal planes as echogenic spaces within the ventricular
myocardium. When ruptured, the ventricular abscess appears as a ragged defect distorting
the endocardial margin. Abscesses of the left coronary cusp, and occasionally the non-
coronary cusp, are often associated with extension to the aorto-mitral intervalvular
fibrosa and produce a fungal aneurysm. Meticulous examination in multiple planes must
be done to exclude direct sub-aortic extension of vegetation to the anterior mitral leaflet,
before diagnosing an aorto-mitral intervalvular fibrosa fungal aneurysm. Vegetations
occuring on both the aortic and mitral valve have higher complication rates for embolic
potential and surgery, than isolated infection of either valve alone. Implications for
surgical intervention are obvious in that vegetations of both valves would require
replacement of each valve.

Aorto-mitral intervalvular fibrosa fungal pseudoaneurysm, as also discussed in chapter
2, present as deformities to the annular attachment of the anterior mitral leaflet and
usually extend above and below the sub-commissural annular plane.****? The aortic
abscess appears to protrude to a greater extent into the left atrium towards the mitral
leaflet than does a typical periannular abscess, which conforms to the aortic cusp
perimeter. The deformity produced in the intervalvular fibrosa appears to originate in the
basal portion of the mitral leaflet and may resemble the leaflet folding on itself in that
area. This appearance must be distinguished from isolated mitral vegetation. With
examination in the zoom mode in multiple planes, vegetation may be excluded with
confidence. With rupture of the mycotic aneurysm, shunts may be produced and are
usually detected from the left ventricular outflow tract to the left atrium.

Care must be taken to differentiate annular abscess and its variants from sinus of
Valsalva aneurysm with or without rupture (figure 3.15). Congenital forms of sinus of
Valsalva aneurysm display a typical echocardiographic appearance of a diverticular
shaped deformity to the sinus protruding into the adjacent chamber in a two-dimensional
plane, and are easily distinguished from an annular abscess. Acquired sinus of Valsalva
aneurysm may be more difficult to distinguish from an annular abscess. As discussed in
chapter 5, acquired sinus of Valsalva aneurysm produces a dilatation-type deformity to
the sinus or proximal segment of the aorta in the fashion of a saccular aneurysm. When
related to inflammation or infection, acquired sinus of Valsalva aneurysm is probably
related to aortitis, producing weakening of the aortic wall allowing a dilatation-type
expansion and not abscess formation. When rupture of a sinus of Valsalva aneurysm
occurs and produces a communication between cardiac chambers, the flow originates
with the aortic root and communicates between the adjacent cardiac chambers with a
smaller communication.

Table 3.2 TEE in aortic valve repair

Grade Al*
Determine the location of the Al jet (central or eccentric)
Describe leaflet motion

Normal motion

Excessive or prolapse

Restriction




Aortic valvular disease 323

Measure annular size+

Determine number of leaflets

Bicuspid or tricuspid

Presence of calcification

Presence of leaflet perforation

Co-existing valvular disease

Describe left ventricular function

Determine presence of pulmonary hypertension

*Moderate to severe Al needed preoperatively, only accept trivial (1+) Al postoperatively; +Small
annular size results in postoperative stenosis

Non-bacterial endocarditis associated with either primary or secondary antiphospholipid
syndrome may cause aortic valve dysfunction and result in aortic regurgitation (25 to
28% of patients) and rarely stenosis (3 to 4% of patients).’”**"* Echocardiographic studies
have disclosed heart valve abnormalities in about 32 to 38% of primary antiphospholipid
cases, with higher prevalence noted in secondary cases associated with systemic lupus
erythematosus (35% to 65%). Valvular lesions consist of valve masses (non-bacterial
vegetations as described in Libman-Sacks endocarditis), 43% or leaflet thickening or
both. Antibodies have also been implicated in promoting valve thrombi. The mitral valve
is most frequently affected, followed by the aortic valve. Roldan et al described aortic
cusp thickening in one or more cusps greater than 2 mm in 30% of patients, or discrete
aortic vegetation in 19% of patients with systemic lupus erythematosus, with
approximately two-thirds having both thickening and vegetation.'™ Vegetations were
located on the basal, middle or tip portions of the leaflets on the vessel side of the valve.
Vegetations were of variable size (0.06 to 1.25 cm?) and shape, frequently associated
with irregular borders and heterogeneous echogenicity. Mild or moderate valvular
regurgitation did not become severe. Leaflet thickening was associated with decreased
mobility in two-thirds of patients and less than 10% had leaflet calcification or
involvement of the annulus. In the Antiphospholipid Antibodies in Stroke Study Group,
which was a retrospective echocardiographic analysis of cerebral ischemic events in
patients with antiphospholid antibodies, 2.8% of the aortic valves showed abnormalities
implicating a cardiac source of embolus.” Fibrous plaques were noted in the healed form
of non-bacterial endocarditis, occasionally with focal calcification, which may further
lead to valve deformity.
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Case 3.1 Degenerative aortic stenosis
produces marked thickening of the
valve cusps producing retraction of the
leaflet tissue. Short axis
transesophageal views of degenerative
aortic stenosis demonstrate marked
calcification of the closed valve during
diastole (a—b) producing shadowing
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and ghosting of the surrounding
cardiac structures. With careful
visualization the valve can be captured
in the maximal open position for
planimetry of the valve orifice during
systole (c). Many studies have shown
excellent correlations between aortic
valve areas measured with valve
orifice planimetry done with
transesophageal echocardiography and
aortic valve areas obtained with
cardiac catheterization, irrespective of
normal or impaired left ventricular
function. Longitudinal views of the
degenerative stenotic valve showing
measurement of the left ventricular
outflow tract diameter (d) and color
flow Doppler during systole (e)
showing mosaic turbulence and high
velocity flow produced by obstruction
to flow from the stenotic leaflets.

Case 3.2 Transgastric views obtained
in the longitudinal axis demonstrating
a typical stenotic flow jet through the
aortic valve orifice. In zoom mode, the
components of the color flow jet may



Atlas of multiplane transesophageal echocardiography: volumel 326

be delineated and measured for
computations for PISA and or the vena
contracta method. Flow convergence,
vena contracta, stenotic jet.
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Case 3.3 Transesophageal assessment
of aortic stenosis using the continuity
equation. With the probe in the lower
to mid esophageal position and the
transducer rotated to approximately
100-125 degrees the left ventricular
outflow tract diameter can be measured
(a) and the diameter of the vena
contracta of the color flow jet may be
measured (b). In the transgastric probe
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position, the left ventricular outflow
tract with the aortic valve may be
obtained by obtaining the short-axis
mid-papillary muscle view at 0 degrees
and then rotating the transducer from
90 to 135 degrees until the left
ventricular outflow tract comes into
view with the aortic valve plane
appearing roughly in the middle of the
image sector. In this view, continuous
and pulsed wave Doppler interrogation
(c, d) can be done in an almost parallel
path. Continuous-wave Doppler
enables estimation of maximal
instantaneous and mean transvalvular
pressure gradients by application of the
modified Bernoulli formula. With the
addition of pulse-wave Doppler of the
left ventricular outflow tract, the
continuity formula may be used to
calculate aortic valve area. LA, left
atrium; LV, left ventricle; Ao, aorta.
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Case 3.4 Bicuspid aortic stenosis with
post-stenotic dilatation of the
ascending aorta. Bicuspid aortic valve
exhibiting equal leaflet size with a
right—left configuration of the cusps.
Short axis view of the ascending aorta
demonstrating dilation of the aorta. In
the longitudinal projections the post-
stenotic dilatation is most prominent
along the greater curvature of the aorta,
which is highlighted by color flow
Doppler that shows the eccentric
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nature of the aortic flow directed
toward the greater curvature, produced
by the orientation of cuspal opening.
RA, right atrium; LA, left atrium; RV,
right ventricle; SVC, superior vena
cava; RPA, right pulmonary artery;
Ao, aorta.

Case 3.5 Acquired bicuspid aortic
stenosis produced by fusion of the
commissure of the right and left aortic
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cusps. Commissural fusion is typical of
rheumatic pathology and may involve
all three commissures, or occasionally
only one or two commissures. Note the
lack of cuspal calcification as shown in
case 1, more typical with degenerative
aortic stenosis, which usually spares
the commissures.

Case 3.6 Degenerative tricuspid aortic
stenosis and regurgitation. With severe
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aortic stenosis the aortic valve
frequently does not open or close fully
due to a fixed orifice (a—e). Multiplane
demonstration of severe aortic stenosis
with a fixed orifice (a—c). Color flow
Doppler shows the stenotic jet (d) and
the regurgitant jet (e). RA, right
atrium; LA, left atrium; RV, right
ventricle; LVOT, left ventricular
outflow tract; Ao, aorta.
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Case 3.7 Subaortic stenosis caused by
a congenital membrane proximal to the
aortic valve producing significant
obstruction in a patient with a history
of valvular aortic stenosis. The aortic
valve appeared normal (a) on
examination. A fibromuscular ring was
present (arrows) which was visible in
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multiple planes with transesophageal
echocardiography producing distortion
of the left ventricular outflow tract (b—

e).

Color flow Doppler, in longitudinal
views (f-i), shows the discreet site of
obstruction, of the left ventricular
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outflow tract, proximal and inferior to
the valvular plane. High velocity
mosaic flow is noted in the outflow
tract and aorta. At about 70 degrees in
a low esophageal window (j) the site of
obstruction is viewed almost enface
(arrow). RA, right atrium, LA, left
atrium; RVOT, right ventricular
outflow tract; RV, right ventricle; AV,
aortic valve; LV, left ventricle; Ao,
aorta.
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Case 3.8 Measurement of aortic
regurgitation. In the transgastric probe
position, the left ventricular outflow
tract with the aortic valve may be
obtained by obtaining the short-axis
mid-papillary muscle view at 0 degrees
and then rotating the transducer from
90 to 135 degrees until the left
ventricular outflow tract comes into
view, with the aortic valve plane
appearing roughly in the middle of the
image sector. Color flow Doppler of a
typical aortic regurgitant flow jet (a)
and zoom mode (b). In this view
continuous wave Doppler assessment
can also be done in an almost parallel
path. Continuous-wave Doppler
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enables estimation of the pressure half-
time or deceleration of the aortic
regurgitant jet (c). Color flow m-mode
Doppler can also be used to assess
aortic regurgitation. (e) Visualizing
and measuring the vena contracta
(arrows) of an aortic regurgitant jet at
110 degrees in zoom mode from the
mid esophageal position. Good
correlation has been shown by
determining the regurgitant jet area to
the annulus area in the short axis plane
with color-flow imaging (f). The width
of the proximal regurgitant jet relative
to the left ventricular outflow tract
dimension in the longitudinal plane is
also a good predictor of the severity of
aortic regurgitation compared with
angiographic grade with central
regurgitant jets and falls short with
eccentric jets (g). Aortic regurgitation
is graded as | to IV to correlate with
angiographic grade, corresponding to
the ratio obtained of the proximal jet
area or width to the left ventricular
outflow area or width. The
reproducibility of jet-left ventricular
outflow tract diameter is better than the
jet-left ventricular outflow tract area
measurement and is more accurate to
assess the severity of aortic
regurgitation from color Doppler
images.
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Case 3.9 Multiplane transesophageal
demonstration of aortic regurgitation in
a tricuspid aortic valve with prolapse
of the right coronary cusp. Short axis
views of the aortic valve shows
distortion and asymmetry of right cusp
compared with the non and left
coronary cusps (a, b). Color flow
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Doppler shows an almost central jet
more toward the right cusp margin (c).
Longitudinal views demonstrating
redundancy and abnormal motion
(arrow) of the right coronary cusp
during diastole (d) and systole (e).

Case 3.10 Aortic regurgitation
associated with prolapse of the
conjoined leaflet of a bicuspid aortic
valve. Anterior—posterior configuration
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with a larger anterior conjoined leaflet
and a smaller posterior leaflet (a—f).
The larger conjoined leaflet allows
prolapse (arrow) of the cusp during
diastole past the smaller cusp. LA, left
atrium; RVOT, right ventricular
outflow tract; LV, left ventricle; RV,
right ventricle; Ao, aorta.

Case 3.11 Tricuspid aortic valve
prolapse. Severely enlarged aortic
valve leaflets associated with an
enlarged aortic root and aorta,
secondary to myxomatous
degeneration. Short and long axis
views show redundant leaflets with
floppy leaflet margins (a—d).
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Color flow Doppler shows multiple
regurgitant jets (e-g) in short axis
planes. Surgical pathology (h) shows
large boggy cusps with multiple
exaggerated fenestrations, which
caused severe aortic regurgitation. LA,
left atrium; RA, right atrium; RVOT,
right ventricular outflow tract, LVOT,
left ventricular outflow tract, Ao, aorta.
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Case 3.12 Severe bicuspid aortic
regurgitation. Bicuspid aortic valve
with an anterior—posterior leaflet
orientation. Anatomical preparation of
the valve from the aortic side (a) and
the ventricular side (b). Note the raphe
and the curled leaflet margin secondary
to redundancy of the leaflet located in
the posterior cusp, which is rarely
seen. Short axis views of the bicuspid
valve in systole (c) and diastole (d).
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Color flow Doppler shows severe
aortic regurgitation filling the left
ventricular outflow tract in the short
axis (e), long axis plane (f) and color
m-mode Doppler (g).
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Case 3.13 Common cuspal
orientations in bicuspid aortic valves.
In 53% of bicuspid aortic valves the
commissures are vertically situated,
with the cusps oriented rightward and
leftward, with the respective coronary
artery originating from the respective
sinuses of Valsalva. In the other 47%
the commissures are horizontally
placed with the cusps oriented in an
anterior and posterior position, with
both coronary arteries arising from the
anterior sinus of Valsalva. The
anterior-posterior type has been noted
to be more likely to calcify.
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Minor rotations of the commissures of
the two basic types of bicuspid aortic
valves result in the various
configurations in bicuspid aortic valves
and may account for the variable
sensitivity and specificity in detection
of bicuspid valves with M-mode and
two-dimensional echocardiography.
With M-mode echo, eccentric cusp
closure appears better detected with the
A-P types of bicuspid valve; false-
negative detection with the appearance
of midline closure appears with the R-
L types. The short axis view obtained
with two-dimensional
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echocardiography has the highest
sensitivity and specificity in detecting
either type of bicuspid valve.* Top
views diastolic frames and bottom
frames corresponding systolic frames.

Case 3.14 Right-left bicuspid aortic
valves with and without a prominent
raphe. Bicuspid valve without a raphe
(a, systolic frame; c, diastolic frame).
Right-left bicuspid valve with raphe
denoted with the arrow (b, systolic
frame; d, diastolic frame). A raphe or
false commissure is found in one of the
two cusps in about 50% of the valves,
irrespective of valve type. When
present, the raphe is always found in
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the right cusp of the right—left or

vertical orientation as seen in band d,
and usually in the anterior cusp of the
anterior—posterior or horizontal type.

Case 3.15 Bicuspid aortic stenosis
producing an acquired monocuspid
appearance due to fusion of one
commissure from rheumatic disease.
Short axis frames from diastole to
systole show the eccentric circular
valve opening (a—d).
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Longitudinal frames (e-h) show
systolic doming (arrows) highlighted
with color flow Doppler which also
elicits high velocity turbulent flow
across the aortic valve.
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Five chamber lower esophageal view
at 0 degrees (i) shows the abnormal
configuration of the valve leaflets
(arrow). Gastric view at 110 degrees (j)
nicely shows the doming of the valve
and opening orifice. Corresponding
continuous wave Doppler of flow
across the aortic valve (k) obtained
from the gastric view, with high
velocity flow and a significant
gradient. LA, left atrium; RV, right
ventricle; LV, left ventricle; Ao, aorta.
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Case 3.16 Bicuspid aortic valve endocarditis. Two
small peduncular vegetations are noted in the short axis
projections in the valve plane (a, b) which prolapse into
the left ventricular outflow tract and produce severe
aortic regurgitation in longitudinal views (c—e).
Roberts® found that 9% of bicuspid aortic valves that
were purely regurgitant were associated with infective
endocarditis.
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Case 3.17 Large aortic valve
vegetation in staphylococcus
endocarditis. The aortic valve is
tricuspid and there is a large
vegetation, which freely prolapses
through the valve plane between the
left ventricular outflow tract and aorta
in longitudinal views (a—d).
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In short axis planes (e, f) the
vegetation (arrow) is seen preventing
cusp closure and producing slight
obstruction to forward flow and
regurgitation (star). In zoom mode (g)
the vegetation appears in the left
ventricular outflow tract (closed arrow)
and extends to the anterior mitral
leaflet directly (open arrow). A post-
surgical specimen (h) shows the
vegetation with perforation in the left
coronary cusp of the aortic valve
(probe) and destruction of the anterior
mitral leaflet (arrow). LA, left atrium;
RA, right atrium; RV, right ventricle;
AML, anterior mitral leaflet; N, non-
coronary cusp; R, right coronary cusp;
Veg, vegetation.
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Case 3.18 Non-bacterial aortic valve endocarditis. A
56-year-old woman presented with a cerebrovascular
accident. The workup revealed the presence of
antiphospholipid antibodies. A transesophageal
echocardiogram revealed vegetations on both the aortic
and mitral valves. In the Antiphospholipid Antibodies
in Stroke Study Group, which was a retrospective
echocardiographic analysis of cerebral ischemic events
in patients with antiphospholid antibodies, 2.8% of the
aortic valves demonstrated abnormalities implicating a
cardiac source of embolus.!” In the short axis view (a)
the aortic valve leaflet margins appear thickened, but in
longitudinal views (b, c) there is a discrete mass noted
(arrow). The vegetations (arrow) of the mitral valve
appear as discreet large masses (c, d) associated with
the leaflet tips.
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Case 3.19 Aortic valve thickening
associated with anorectic drug use. The
aortic valve is the most commonly
affected valve, which usually results in
mild to moderate degrees of aortic
regurgitation. Connolly et al
characterized the changes produced in
the aortic valve as thickened (focal or
diffuse) and mildly retracted valve
leaflets, resembling rheumatic disease
without stenosis.*™ Note the thickening
(arrow) of the aortic valve leaflets (a—
d). Lack of closure is suggested in the
short axis view (d) in diastolic frames.
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Case 3.20 Congenital sinus of Valsalva aneurysm with
rupture. Congenital sinus of Valsalva aneurysm usually
appear as long narrow diverticular deformities of the
sinus, which distinguishes them from acquired
aneurysms that appear as bulging, out pouching
deformities to the sinus. Congenital sinuses of Valsalva
aneurysms are usually detected in adulthood as
coincidental findings or after they have ruptured and
produced clinical findings. Congenital aneurysms
usually occur with the right coronary cusp and much
less frequently with the non-coronary cusp as
illustrated in this case. The sinus of Valsalva aneurysm
is best-appreciated and shown in deep transgastric
views (a—d).
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The aneurysm is seen originating from the annular
plane and coursing parallel to the ventricular septum
ending proximal to the tricuspid valve annulus. In
zoom mode there is better appreciation of the neck and
long diverticular shape of the aneurysm. With color
flow Doppler, a flow jet is detected from the aorta and
emanating through a jagged rupture into the right
atrium (d). Lower esophageal four chamber view (e)
and corresponding zoom mode with color flow Doppler
shows the rupture flow jet. Horizontal short axis view
of the aortic valve shows the aneurysm (g) and
corresponding zoom mode with color flow Doppler. In
both the four chamber and short axis views, the shape
and the size of the aneurysm are not fully appreciated
due to oblique imaging, compared to the deep
transgastric views. RA, right atrium; LA, left atrium;
RV, right ventricle; LV, left ventricle; Ao, aorta.
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Case 3.21 Acquired sinus of Valsalva aneurysm
without rupture. Acquired aneurysms appear similar to
saccular aneurysms of the aorta. The aneurysm appears
as a bulging, out pouching from the sinus, which
distinguishes it from congenital aneurysms. Both
congenital and acquired aneurysms have a propensity
for rupture, but acquired aneurysms may be associated
with all three coronary cusps. Longitudinal views (a, b)
of the aortic root show an acquired sinus of Valsalva
aneurysm associated with the right coronary cusp
(star). Note the narrow neck and well-formed, round
out-pouching of the sinus. Flow is detected in the sinus
with color flow Doppler (c) throughout the cardiac
cycle, predominately during diastole.
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Case 3.22 Annular abscesses are generally limited to
the area of the perimeter of the aortic valve dictated
by the composition of the perivalvular tissue of the
fibrous skeleton, and are associated with the cusp
showing a vegetation. Annular abscess may appear as
echodense or echolucent regions distinct from the
normal annulus or perivalvular tissue, which usually
distorts the normal appearance of the proximal aortic
root anatomy. Blood flow entering the abscess cavity
is frequently detected with color Doppler during the
cardiac cycle, identified with systolic expansion and
diastolic collapse of the cavity. LA, left atrium; AV,
aortic valve; RV, right ventricle; Ao, aorta.
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Case 3.23 Rupture of the abscess produces an
echolucent free space or cavity, often with necrotic
debris or residue within the cavity and a large or a
small fistulous communication emptying into the left
ventricular outflow tract. LA, left atrium; AV, aortic
valve; RA, right atrium; Ao, aorta.
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Case 3.24 Perivalvular extension of aortic valve
endocarditis with spread to the ventricular septum.
Perivalvular spread of infection may occur with
extension into the valve annulus or adjacent
myocardium (ventricular septum and rarely interatrial
septum), and has been shown in around 30% of
postmortem and surgical cases of aortic valve
endocarditis. Multiplane transesophageal
demonstration of an aortic valve annular abscess with
extension to the ventricular septum with rupture into
the left ventricular outflow tract. The abscess (star) is
noted in close proximity to the right coronary cusp in
the proximal ventricular septum. The abscess causes
distortion of the right coronary cusp and the left
ventricular outflow tract, and is ruptured as illustrated
by jagged discontinuous margin. Flow is detected in
the abscess and empties into the left ventricular outflow
tract, with color flow Doppler. RA, right atrium; LA,
left atrium; AML, anterior mitral leaflet; RV, right
ventricle; LV, left ventricle; Ao, aorta; N, non-coronary
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cusp; L, left coronary cusp; R, right coronary cusp;
RVOT, right ventricular outflow tract; LVOT, left
ventricular outflow tract; PA, pulmonary artery.

Case 3.25 Abscess rupture may provide an abnormal
communication between cardiac chambers producing
significant turbulent shunt flow, which is also readily
identified with color flow Doppler. Fistulous flow may
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be commonly shown between the aortic root and the
left atrium or the aortic root and the left ventricular
outflow tract (ventriculoaortic discontinuity), in a
single direction or a “to and fro” pattern. Longitudinal
view of the aortic root at 125 degrees shows fistulous
flow with color flow Doppler from the aortic annulus
to the left atrium. LA, left atrium; Ao, aorta; RVOT,
right ventricular outflow tract; LVOT, left ventricular
outflow tract.

Case 3.26 Aorto-mitral intervalvular fibrosa fungal or
pseudoaneurysms appear as a deformity to the annular
attachment of the anterior mitral leaflet and usually
extend above and below the sub-commissural annular
plane. The aortic abscess (arrow) appears to protrude to
a greater extent into the left atrium towards the mitral
leaflet, in comparison with a typical periannular
abscess, which conforms to the aortic cusp perimeter
(a—d).
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The deformity produced in the
intervalvular fibrosa (arrow) appears to
originate in the basal portion of the
mitral leaflet and may resemble the
leaflet folding on itself in that area.
This appearance must be distinguished
from isolated mitral vegetation (d).
With examination in the zoom mode in
multiple planes, vegetation may be
excluded with confidence. With
rupture of the fungal aneurysm, shunts
may be produced and are usually
detected (arrow) with color flow
Doppler in the left atrium (e—g) and
left ventricular outflow tract (h). LA,
left atrium; LV, left ventricle; Ao,
aorta; RA, right atrium; RV, right
ventricle; AV, aortic valve.
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Case 3.27 Papillary fibroelastoma of
the aortic valve. Papillary
fibroelastomas are small tumor
projections usually 2-3 mm in size,
attached to valve leaflet margins.
Multiplane transesophageal
echocardiography is especially useful
in detecting papillary fibroelastomas,
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since tumors are small and may only
appear as linear thin projections. When
viewed in multiple planes these tumors
may appear as small polyps.
Horizontal short axis (a—c) and
longitudinal views (d, e) of the aortic
valve with a polypoid papillary
fibroelastoma (arrow) attached near the
commissure of the non-coronary and
right coronary cusp. The benign tumor
is highly mobile and moves freely in
and out of the echocardiographic plane
during the cardiac cycle. These entities
have been associated as a cardiac
source of embolus, owing to their
mobility and thrombus formation. AV,
aortic valve.
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Case 3.28 Papillary fibroelastoma of
the aortic valve versus Lambl’s
excrescence. Papillary fibroelastomas
must be differentiated from normal
anatomic variants such as Lambl’s
excrescences of the heart valves.
Lamellar and sublunar excrescences
may form owing to the shear stress
caused by the blood flow or to friction
of the valve surfaces during valve
closure. Two types of Lambl’s
excrescences are associated with
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normal aortic valve
echocardiographically. In patients
under 30 years of age, lamellar
excrescences are found along the lower
border of the lunulas, often with
thickening of the body of the cusp. In
older patients, filiform excrescences
emanate from the nodules of Arantus
and along the free margin of the cusps.
A patient with an extensive workup for
cardiac source of embolus had a small
linear echogenicity associated with the
aortic valve margin (a—c) which was
freely mobile in serial frames
protruding into the left ventricular
outflow tract.
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Case 3.29 Traumatic rupture of the
aortic valve. Abrupt deceleration-type
injuries that result from falls of
significant height or motor vehicle
accidents produce traction and torsion
forces that generate excessive high
shear stress together with sudden
increases in the intraluminal pressure,
which lead to traumatic disruption of
the thoracic aorta in its less mobile
segments. In addition, avulsion of the
aortic valve is noted, probably due to
the increase in intraluminal pressure
generated in these types of trauma,
especially with the use of seat belts.
Although rare, transesophageal
echocardiography demonstrates that
aortic valve rupture either associated or
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unassociated with transection of the
aorta occurs more often than thought
previously. Multiplane transesophageal
demonstration of a traumatic aortic
valve rupture (a—g) producing
significant acute aortic regurgitation.
The deformity produced to the aortic
valve cusps (a—b) and also the exact
site of the rupture (e) may be easily
shown in multiple planes. Color flow
Doppler shows an abnormal chaotic
flow pattern at the rupture site as well
as a significant aortic regurgitant flow
jet(c, d, f, g).
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4
Tricuspid valve, pulmonary valve and
pulmonary artery

Tricuspid valve

The tricuspid valve is similar to and possesses the same physical and functional
characteristics as the mitral valve. The tricuspid valve is one of the most anterior
structures in the heart and is almost completely retrosternal, which may make it difficult
to examine by transthoracic echocardiography. Transesophageal echocardiography (TEE)
has an advantage of visualizing the tricuspid valve from the esophagus, which allows
imaging the tricuspid valve in detail, from many views. Transesophageal color Doppler
examination allows assessment of tricuspid regurgitation, but it is difficult to obtain the
parallel imaging planes necessary for conventional Doppler measurements of peak
tricuspid regurgitant jet velocity.

It is important to regard the tricuspid valve apparatus as an integrated unit when
assessing valvular function. The major differences between the two atrioventricular
valves are that the tricuspid valve has three leaflets and a larger diameter with a different
annular shape compared with the mitral valve. Anatomically the tricuspid subvalvular
apparatus is more extensive than the mitral valve. The physiological function of the
tricuspid valve is to allow the uninterrupted flow of blood from the right atrium to the
right ventricle in diastole, and to prevent blood flow reversal during right ventricular
contraction. In many cardiac disorders the pressure in the right heart is increased, which
produces functional incompetence of the tricuspid valve unit, and thus evaluation of the
tricuspid valve apparatus is important.

Anatomy

The tricuspid valve unit has three leaflets, three commissures, chordae tendineae, an
annulus, and papillary muscles integrated with the right atrial and wventricular
endocardium® (figure 4.1). The tricuspid valve leaflets are demarcated by scallops
(indentations) rather than well-formed leaflets. The anterior, posterior, and septal leaflets
are unequal in size and project from the tricuspid valve annulus like an apron. The
tricuspid leaflets are triangular in shape with broad bases of annular attachment and
apices projecting toward the centre of the valve line of closure. This architecture
produces a funnel shape when the valve is open, with the largest enface diameter at the
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annular plane and a smaller diameter in the ventricle. This arrangement produces a
normal tricuspid valve area of about 7.0 cm?.?

The anterior (infundibular) leaflet is the largest leaflet, approximately 22 mm wide
from base to free margin, and is attached to the anterior wall in the region of the
infundibulum and to the inferolateral wall for a circumference of 38.7 mm.** The
posterior leaflet, or marginal leaflet, is approximately 20 mm wide and curves around the
diaphragmatic surface of the heart from the inferolateral wall to the septum. It has a
circumference of 37.8 mm, and is divided into one to three scallops.®** The septal or
medial leaflet is the smallest leaflet, approximately 15 mm wide. It has a circumference
of 35.9 mm and a characteristic indentation or fold at the junction of the leaflet at the
posterior ventricular wall and membranous septum.>* The septal leaflet is attached to
both the membranous and

Figure 4.1 Anatomically the tricuspid
subvalvular apparatus is more
extensive than the mitral valve. The
tricuspid valve leaflets are demarcated
by scallops (indentations) rather than
well-formed leaflets. The anterior,
posterior, and septal leaflets are
unequal in size and project from the
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tricuspid valve annulus like an apron.
The tricuspid leaflets are triangular in
shape with broad bases of annular
attachment and apices projecting
toward the centre of the valve closure
line. This architecture produces a
funnel shape when the valve is open,
with the largest enface diameter at the
annular plane and a smaller diameter in
the ventricle and produces a normal
tricuspid valve area of about 7.0 cm?.
The tricuspid annulus originates as a
fibrous thickening of the superior
border of the right ventricular
myocardium, and is not as well defined
anatomically as the mitral annulus. The
tricuspid annulus is larger than the
mitral annulus and is approximately
8.5-12 cm (average 11 cm) in
circumference. The posterior leaflet
comprises approximately 50% of the
annulus. The septal portion of the
annulus is an integral part of the
fibrous skeleton of the heart. The
annulus does not lie in a single plane
relative to the fibrous skeleton with the
anteroseptal commissure tilting
superior or higher than the rest of the
valve plane. In the normal heart, the
transverse annular diameter is greater
than the anteroposterior diameter, and
the length of the annulus along the
septal portion is about one-third of the
total circumference of the annulus. The
portion of the fibrous skeleton along
the septal wall of the annulus consists
of strong connective tissue preventing
dilatation of that portion of the
annulus. Dilatation only occurs along
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the base of the anterior and posterior
leaflets of the valve. Anatomic
preparation of the tricuspid valve unit
(@), and the fibrous skeleton (b) with
corresponding artists rendition of the
fibrous skeleton. PV, pulmonary valve;
AV, aortic valve; LCA, left coronary
artery; RCA, right coronary artery;
LFT, left fibrous trigone; RFT, right
fibrous trigone; MV, mitral valve; a,
anterior tricuspid leaflet; s, septal
tricuspid leaflet; p, posterior tricuspid
leaflet; SVC, superior vena cava; RV,
right ventricle; TLV, tricuspid valve
leaflet; CT, chordae tendinae; VS,
ventricular septum; Ao, aorta; PA,
pulmonary artery; RAA, right atrial
appendage; TV, triscuspid valve.

muscular ventricular septa between the anterior and posterior leaflets. The
atrioventricular node is located very close to the insertion of the anterior portion of the
septal leaflet, as the leaflet runs parallel to the conduction system. The tricuspid valve
leaflets, similar to the mitral valve, are made of strong fibrous connective tissue, thicker
in the central portion and thinner at the leaflet edges.

The tricuspid annulus originates as a fibrous thickening of the superior border of the
right ventricular myocardium, and is not as well defined anatomically as the mitral
annulus. The tricuspid annulus is larger than the mitral annulus and is approximately 8.5—
12 cm (average 11 cm) in circumference.® The posterior leaflet makes up about 50% of
the annulus. The septal portion of the annulus is an integral part of the fibrous skeleton of
the heart. The annulus is not in a single plane, because the anteroseptal commissural is in
a superior plane. In the normal heart, the transverse annular diameter is greater than the
anteroposterior diameter, and the length of the annulus along the septal portion is roughly
one-third of the total circumference of the annulus. The portion of the tricuspid annulus
along the septal wall that forms part of the fibrous skeleton of the heart does not dilate.
Dilatation only occurs along the base of the anterior and posterior leaflets of the valve.

Commissures are formed by the infolding of the leaflets to produce indentations, with
a corresponding papillary muscle inserted into the right ventricular myocardium just
below each commissure point. The commissures are distinguished from the numerous
indentations of the leaflets by the insertion of fan-like chordae. The anteroseptal
commissure is approximately 7.7 mm, the septalposterior commissure is 17.3 mm and the
anteroposterior commissure is 16.3 mm.*

The anterior papillary muscle is the most prominent, arising from the moderator band
and the anterior septal wall of the right ventricle. The posterior papillary muscle, which
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usually has multiple heads, emanates from the posterior wall of the right ventricle. The
septal papillary muscle is usually rudimentary, originating from the septal wall.
Additional multiple small papillary muscles may also be present echocardiographically as
prominent trabecula-tions of the right ventricular endocardium.*™

The papillary muscles are attached to the ventricular surface of the leaflet margins by
chordae tendineae. The chordae tendineae of the tricuspid valve are made up of five
types: fan-shaped, rough zone, basal, free-edge, and deep.® Chordal insertion to the
tricuspid leaflet margins produces a well-delineated rough zone at the surface of the
leaflet, which provides for increased surface area for leaflet approximation. Free-edge
and deep chordae are unique to the tricuspid valve apparatus. In contrast to mitral
chordae tendineae, there are around 20 tricuspid chordae tendineae, which vary greatly in
length and thickness.®*

Echocardiographic visualization

The tricuspid valve can be visualized in the longitudinal projection of the right
ventricular inflow from the mid and lower esophageal views at O degrees, with the
transducer in the neutral or minimally retroflexed position (figure 4.2). The transducer
transects the tricuspid valve through the anterior and septal leaflets. Further retroflexion
brings the coronary sinus and the posterior leaflet into view. Motion of the tricuspid valve
leaflets resembles that of the mitral valve, with rapid diastolic filling followed by a slow
descent of the leaflets toward the annulus, followed promptly by reopening with atrial
contraction. During systole, the leaflets close with approximation of the leaflet free
margins, which should not protrude beyond the annular plane into the right atrium. When
the transducer beam orientation is directed to the right, the chordae tendineae and
papillary muscle insertions may be assessed. This imaging plane provides adequate
orientation for color flow mapping and conventional Doppler interrogation of the right
ventricular inflow tract for the evaluation of tricuspid stenosis and regurgitation.

The short-axis views from the transgastric transducer positions provide multiple cross-
sectional cuts through the tricuspid valve annulus (figure 4.3). Careful angling of the
transducer enables imaging of the total circumference of the annulus and all three leaflets.
The normal tricuspid annulus is usually less than 11 cm in circumference. The posterior
leaflet is closest to the transducer, the anterior leaflet is anterior and lateral, and the septal
leaflet projects medially from the right ventricular septum. The tricuspid valve is in a
different plane than the mitral valve, prohibiting simultaneous visualization of both
valves in the same orientation. The short axis views allow the shape of the annulus to be
appreciated, and the antero-posterior transverse diameter of the annulus to be measured.
The tricuspid valve orifice area can be planimetered in this view at the point of maximal
valve opening, close to the base of the right ventricle.

Rotating the transducer to 90 to 110 degrees in the transgastric view and directing the
echocardiographic beam towards the right heart provides a longitudinal view of the right
ventricular inflow tract, with the tricuspid valve to the right of the echocardiographic
sector and the right ventricular apex towards the right (figure 4.4). The transducer
transects the tricuspid valve, providing an antero-posterior diameter of the tricuspid valve
annulus. The right ventricular apex is usually foreshortened in this view and the right
ventricular outflow is visualized coursing obliquely toward the inferior aspect of the
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sector in the centre of the echocardiographic image. This view images the whole right
heart with both the inflow and outflow tracts.

The deep transgastric views produce images similar to that of the transthoracic
echocardiographic subxyphoid

Figure 4.2 Anatomical preparation
representing typical multiplane
transesophageal echocardiographic
imaging planes for the tricuspid valve
unit. The tricuspid valve can be
visualized in the longitudinal
projection of the right ventricular
inflow from the mid and lower
esophageal views at 0 degrees, with
the transducer in the neutral or
minimally retroflexed position (a). The
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transducer transects the tricuspid valve
through the anterior and septal leaflets.
Further retroflexion brings the
coronary sinus and the posterior leaflet
into view (b). In the four-chamber
view, the motion of the tricuspid valve
leaflets resembles that of the mitral
valve, with rapid diastolic filling
followed by a slow descent of the
leaflets toward the annulus, followed
promptly by reopening with atrial
contraction. During systole, the leaflets
close with approximation of the leaflet
free margins that should not protrude
beyond the annular plane into the right
atrium. When the transducer beam
orientation is directed to the right, the
chordae tendineae and papillary
muscle insertions may be assessed.
This imaging plane provides adequate
orientation for color flow mapping and
conventional Doppler interrogation of
the right ventricular inflow tract for the
assessment of tricuspid stenosis and
regurgitation (c). RA, right atrium; LA,
left atrium; TV, tricuspid valve; RV,
right ventricle; LV, left ventricle.

four-chamber view. The transducer beam transects the tricuspid valve leaflets obliquely,
with the anterior leaflet the most lateral, and the septal leaflet most medial. The insertion
of the tricuspid valve septal leaflet is more apically oriented in the four-chamber view
than the insertion of the anterior leaflet of the mitral valve. Leaflet thickness is easily
assessed and motion can be evaluated for restriction and prolapse as well as for
vegetation or masses. These are ideal views for color Doppler analysis of the right
ventricular inflow tract.
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Figure 4.3 Anatomical preparation and
corresponding echocardiographic short
axis images of the tricuspid valve
plane (a—e). The shortaxis views from
the transgastric transducer positions
provide multiple cross-sectional cuts
through the tricuspid valve annulus.
Careful angling of the transducer
enables imaging of the total
circumference of the annulus and all
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three leaflets. The normal tricuspid
annulus is usually less than 11 cm in
circumference. The posterior leaflet is
closest to the transducer; the anterior
leaflet is anterior and lateral, and the
septal leaflet projects medially from
the right ventricular septum. The
tricuspid valve is in a different plane
than the mitral valve, prohibiting
simultaneous visualization of both
valves in the same orientation. The
short axis views allow the shape of the
annulus to be appreciated, and the
anteroposterior transverse diameter of
the annulus to be measured. The
tricuspid valve orifice area can be
planimetered in this view at the point
of maximal valve opening close to the
base of the right ventricle. RV, right
ventricle; LV, left ventricle; TV,
tricuspid valve; RVOT, right
ventricular outflow tract; a, anterior
tricuspid leaflet; s, septal tricuspid
leaflet; p, posterior tricuspid leaflet.
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Figure 4.4 Rotating the transducer
from O to 180 degrees in the deep
transgastric view and directing the
echocardiographic beam towards the
right heart provides a longitudinal
view of the right heart (a—k). Typical
echocardiographic short axis view of
the tricuspid valve from the
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transgastric position at 0 degrees.
Longitudinal views of the right heart
produced by slightly advancing the
transducer and rotating toward the
right heart. At 0 degrees the right
ventricular inflow is imaged with the
tricuspid valve to the left of the
echocardiographic sector and the right
ventricular apex left and superior to the
left ventricle towards the top of the
image, representative anatomical
preparation (b) and corresponding
echocardiographic images from 0 to 10
degrees (c—e). Switching from the right
ventricular inflow (d) and outflow (e)
views is performed with lateral flexion
of the transducer. In this view the
transducer transects the tricuspid valve
providing an antero-posterior diameter
of the tricuspid valve annulus. The
right ventricular apex is usually
foreshortened in this view and the right
ventricular outflow is visualized
coursing obliquely toward the inferior
aspect of the sector in the center of the
echocardiographic image. With further
rotation of the transducer to 155
degrees the entire right heart may be
visualized along its longitudinal axis
(f-k). RA, right atrium; TV, tricuspid
valve; RV, right ventricle; AV, aortic
valve; Ao, aorta; LV, left ventricle;
PA, pulmonary artery; SVC, superior
vena cava; RVOT, right ventricular
outflow tract.
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Tricuspid stenosis

Tricuspid stenosis is usually a result of rheumatic disease, and invariably coexists with
mitral stenosis, and not infrequently with aortic valve involvement.® The valve leaflets are
diffusely thickened and fibrotic, which results in restricted leaflet motion° (figure 4.5).
In contrast to mitral stenosis, tricuspid stenotic leaflets rarely become calcified.**! There
is commissural fusion of two or usually three commissures, which produces diastolic
doming most marked with the anterior leaflet right ventricular outflow tract. Fibrosis and
shortening of the chordal structures further reduces valve motion during diastole, but
usually not to the degree that occurs in mitral stenosis. Invariably there is associated
tricuspid regurgitation. Obstruction to the right ventricular inflow produces right atrial
enlargement.*?

Occasionally, carcinoid produces tricuspid stenosis, from deposits of
mucopolysaccharide material and fibrous

Figure 4.5 In tricuspid stenosis, the
valve leaflets are diffusely thickened
and fibrotic which results in restricted
leaflet motion. In contrast to mitral
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stenosis, tricuspid stenotic leaflets
rarely become calcified. There is
commissural fusion of two and usually
three commissures that produces
diastolic doming, most noticeable with
the anterior leaflet. Fibrosis and
shortening of the chordal structures
further reduces valve motion during
diastole, but usually not to the degree
that occurs in mitral stenosis.
Invariably there is associated tricuspid
regurgitation. Obstruction to the right
ventricular inflow produces right atrial
enlargement. RV, right ventricle; RA,
right atrium; TV, tricuspid valve.

tissue on the surface of the tricuspid leaflets and the right atrial and ventricular
endocardium.®* The carcinoid plaque is a white, fibrous lesion that coats the valve
without causing destruction of the underlying valve structure. Carcinoid plaques usually
occur on the ventricular surface of the tricuspid leaflets and may extend to the chordae
tendineae. These deposits severely restrict leaflet motion, usually fixing the leaflets in an
open position, which causes combined obstruction and regurgitation of flow.

Isolated tricuspid stenosis is usually congenital in origin but may result from active
infective endocarditis. In rare cases of Ebstein’s anomaly the valve leaflets do not
separate, producing a stenotic diaphragm. Large infected vegetations, although rare, may
produce obstruction of the tricuspid valve orifice.** Other rare causes of non-rheumatic
tricuspid stenosis include Fabry’s disease, Whipple’s disease, methysergide therapy, and
giant blood cysts.™>*® Supravalvular or subvalvular stenosis is usually the result of
primary or secondary tumors of the right heart that may produce obstruction of the
tricuspid apparatus.

Transthoracic and transesophageal Doppler echocardiographic estimation of the
transvalvular gradient is extremely useful in determining the severity of tricuspid valve
stenosis, and correlates well with gradients measured at cardiac catheterization.? Care
must be taken to align the ultrasound beam parallel to the direction of blood flow through
the right ventricular inflow tract, to obtain accurate valve gradients.”*™® Since
transtricuspid valve gradients are small, it is easy to underestimate valve gradients,
leading to the overall underestimation of tricuspid stenosis especially by transesophageal
echocardiography. We have measured the tricuspid valve areas by PISA from the deep
transgastric views with good correlation with catheterization data in our laboratories. It is
usually not helpful to grade the severity of tricuspid valve stenosis. Significant
hemodynamic stenosis is present with bicuspid valve areas of > 1.5cm?.
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Tricuspid regurgitation

Tricuspid regurgitation may be produced by primary disease of the tricuspid valve
apparatus or secondarily due to changes in the right ventricular configuration.?**
Primary valvular disease may result from rheumatic disease, carcinoid syndrome,
myxomatous disease with chordal rupture (prolapse syndrome), bacterial endocarditis and
papillary muscle dysfunction coexistent with ischemic heart disease. Right ventricular
enlargement producing annular dilatation (with anatomically normal leaflets) and
tricuspid regurgitation frequently accompanies idiopathic dilated cardiomyopathy and left
heart failure associated with secondary pulmonary hypertension. The most common
cause of organic tricuspid regurgitation is rheumatic disease. Rare causes of tricuspid
regurgitation include congenital leaflet clefts, endomyocardial fibrosis, radiation therapy,
rheumatoid arthritis, hypereosinophilic syndrome, constrictive pericarditis, and
thyrotoxicosis. Physiological or mild tricuspid regurgitation is usually detected in most
normal tricuspid valves by color Doppler and transesophageal echocardiography.

Tricuspid regurgitation often results from increased pulmonary blood flow states such
as occur with intracardiac shunts and associated with other forms of congenital heart
disease. When pulmonary arterial systolic pressure exceeds 40 mmHg, the incidence of
tricuspid regurgitation approaches 90%, and in cases of severe pulmonary hypertension,
the incidence of tricuspid regurgitation is present in nearly 100% of cases.®™* Acute
tricuspid regurgitation develops after pulmonary embolism due to the abrupt increase in
pulmonary arterial pressure, especially in patients with concomitant cardiopulmonary
disease.

Etiology based on morphology

The etiology of tricuspid regurgitation may be ascertained from the alterations in the
tricuspid valve apparatus®*? (table 4.1). In rheumatic tricuspid regurgitation there is
diffuse fibrous thickening of the leaflet free margins, with variable degrees of focal
fibrous thickening of the remaining leaflet tissue. The commissures are not fused, the
valve leaflets are free of calcific deposits and the annular circumference is normal, less
than 12 cm.

In tricuspid valve prolapse, there is increased leaflet area, due to leaflet redundancy,
hooding or excessive leaflet motion beyond the annular plane in systole, with lack of
apposition of the leaflet free margins. Floppy tricuspid valves show the greatest degree of
annular dilatation, usually greater than 14 cm.

The tricuspid valve in Ebstein’s anomaly resembles the floppy tricuspid valve in
appearance.”® The hallmark of Ebstein’s anomaly is the apically displaced annular
insertion of the tricuspid valve leaflets, which produces a large right atrium and a dilated
annulus. Apical displacement of the tricuspid valve results in a septal leaflet displacement
of > 8 mm from the mitral valve insertion.

Functional tricuspid regurgitation occurs with normal leaflets and chordae tendineae
with moderate annular dilatation of between 12-14 cm, and pulmonary systolic pressures
> 55 mmHg.
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In infective endocarditis there is usually focal thickening with or without vegetation
and frequently ruptured chordae tendineae. The tricuspid annulus is usually normal.

Tricuspid regurgitation due to carcinoid is associated with thickened leaflets and
chordae tendineae from deposition of fibrous plaque, which appears echo bright

Table 4.1 Tricuspid apparatus morphology in
pure regurgitation

Etiology of TR Leaflet area Annulus dimension
Rheumatic Normal Normal
Carcinoid Normal Normal
Tricuspid prolapse Increased Increased
Ebstein’s anomaly Increased Increased
Endocarditis Normal Normal
Papillary muscle dysfunction Normal Normal
Cor pulmonale Normal Increased
Functional TR Normal Increased
Dilated cardiomyopathy Normal Increased
Trauma Normal Normal

while the annulus is usually normal. Plaques may extend on to the ventricular
myocardium, causing the leaflets to adhere to the right ventricular wall and preventing
coaptation during systole.

Papillary muscle dysfunction may produce pure tricuspid regurgitation due to fibrosis,
necrosis and atrophy of the papillary muscle from coronary artery disease. The tricuspid
valve apparatus usually appears normal in the setting of papillary muscle dysfunction.

Doppler and tricuspid regurgitation

Color flow Doppler is most useful for the detection of tricuspid regurgitation.** The
regurgitant jet is represented as a blue, flame-shaped jet in the right atrium whose length,
width and jet area can be measured. This provides a semiquantitative estimate of the
severity of tricuspid regurgitation (figure 4.6). Color flow Doppler is extremely useful for
the detection of mild tricuspid regurgitation, and in allowing the proper determination of
alignment of the conventional (pulsed or continuous wave) Doppler beam for the
calculation of the right atrial-right ventricular systolic pressure difference using the peak
velocity of the regurgitant signal and the modified Bernoulli equation (P—P,) =
A[Vmax]2, %4 (figure 4.7). Pulmonary arterial systolic pressure can be obtained by the
addition of the clinical estimate of the height of the jugular venous pressure or by adding
14 mmHg® derived from the regression equation in which simultaneous Doppler
recording and direct measurements of pulmonary arterial pressure are compared.**’
Continuous wave Doppler velocity signals in tricuspid regurgitation show holosystolic
flow with peaking in mid-systole.
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Figure 4.6 Color flow Doppler is most
useful for the detection of tricuspid
regurgitation. The regurgitant jet
(arrow) is represented as a blue, flame-
shaped jet in the right atrium whose
length, width and jet area can be
measured, to provide a
semiquantitative estimate of the
severity of tricuspid regurgitation. RA,
right atrium; RV, right ventricle; TV,
tricuspid valve.
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Figure 4.7 Color flow Doppler is
extremely useful for the detection of
tricuspid regurgitation (arrows), and in
allowing the proper determination of
alignment of the conventional (pulsed
or continuous wave) Doppler beam for
the calculation of the right atrial-right
ventricular systolic pressure difference
using the peak velocity of the
regurgitant signal and the modified
Bernoulli equation.

When severe tricuspid regurgitation develops because of high right-sided filling pressures
and right ventricular failure, the tricuspid regurgitation signal peaks earlier and develops
a late systolic shoulder signifying secondary right ventricular failure*® (figure 4.8).
Estimating the regurgitant fraction, which is the difference between volumes across
the tricuspid and pulmonary valves, enables a quantitative estimate of the severity of
tricuspid regurgitation. Volume flow across the tricuspid and pulmonary valves is
calculated as the product of the respective flow velocity integrals and cross-sectional
areas of the flow streams expressed as a percentage of the total flow across the tricuspid
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valve. Calculation of the regurgitant fraction for tricuspid insufficiency is best calculated
by transthoracic echocardiography.

Figure 4.8 Continuous wave Doppler
velocity signals in tricuspid
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regurgitation show holosystolic flow
with peaking in mid-systole (a). When
severe tricuspid regurgitation develops
due to high right sided filling pressures
and right ventricular failure, the
tricuspid regurgitation (arrow) signal
peaks earlier and develops a late
systolic shoulder signifying secondary
right ventricular failure (b).

+1 Tricuspid 2¢cm
regurgitation

+2 2-4
+3 4-10
+4 10+

In patients with severe tricuspid regurgitation systolic flow reversal is recorded in the
hepatic veins.* In moderate regurgitation, normal forward flow is typically absent or
diminished.

The prevalence of physiological tricuspid regurgitation increases with age and
physical conditioning.”*' Physiological regurgitation is present in 8% of patients less
than 20 years of age and in 30% of patients over than 60 years of age. Physiological
regurgitation occurred in 93% of athletes studied but only in 24% of patients labeled as
sedentary. Physiological regurgitation is visualized as small flow jets projecting less than
2.5 cm into right atrium or as flow jets with a jet area/right atrial area ratio of less than
18%.

Tricuspid annular calcification

Calcification of the tricuspid annulus occurs much less frequently than calcification of the
mitral annulus; however, the two commonly occur together, especially in the elderly and
in association with aortic sclerosis. Mattelman et al®” studied 80 patients retrospectively
with a two-dimensional echocardiographic diagnosis of mitral annular calcification, and
detected only one patient with tricuspid annular calcification. Isolated, tricuspid annular
calcification may also occur secondarily to long-standing pressure or volume overload of
the right ventricle and has been described with pulmonic stenosis, atrial septal defect or
with cor pulmonale.®®>* Tricuspid annular calcification is readily distinguished as
increased reflectiveness of the posterior tricuspid annulus in the four chamber lower
esophageal views at 0 degrees and in the two chamber transgastric views at 90 degrees
(figure 4.9).
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Endocarditis

In patients with suspected right-sided infective endocarditis, transesophageal
echocardiography is mandatory when the right heart valves are not well visualized by
transthoracic echocardiography. Right-sided infective endocarditis occurs less commonly
than left-sided endocarditis. In a study of 137 hearts with infective endocarditis the right
heart was affected in 23 or 17% of cases.* In that study

Figure 4.9 Tricuspid annular
calcification (arrow) is readily
distinguished as increased
reflectiveness of the posterior tricuspid
annulus in the four chamber lower
esophageal views at 0 degrees (a, b)
and the two chamber transgastric
views at 90 degrees. RA, right atrium;
LA, left atrium; TAC, arrow; RV, right
ventricle; LV left ventricle.

Arnett reported that infective endocarditis of the right side usually involves the tricuspid
valve (9% of cases) with or without pulmonary valve vegetation. Intravenous drug abuse
is the most common cause of isolated right-sided infective endocarditis. Other factors
associated with right-sided infective endocarditis include alcoholism, neoplasms, infected
indwelling catheters, multiple pacemaker leads, extensive skin burns, and immune
deficiency disorders. Frequently patients with right-sided infective endocarditis present
with the signs and symptoms of pneumonia or lung abscess secondary to septic emboli.
Bacterial vegetations associated with tricuspid valve endocarditis vary greatly in size,
but are usually larger than aortic or mitral valve vegetations and commonly occur on
previously normal valve leaflets. Vegetations appear as sessile or pedunculated irregular
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masses attached to one or more valve leaflets, or chordae tendineae.>**** Ginzton et al*
followed eight patients with tricuspid valve vegetations for a mean of 11 months. In four
patients the vegetation disappeared, in three it was found to be smaller, and in one it
remained the same size. The presence of a vegetation at follow-up study and rate of
regression do not correlate with clinical outcome during the acute illness or with
functional class at late follow-up. Valve ring abscess was present in 17% of cases, and of
all myocardial abscesses 57% accompanied tricuspid valve vegetation.** Valve ring
abscess may occasionally burrow into and through the membranous ventricular septum.

Many reports have addressed the sensitivity and specificity of transthoracic and
transesophageal echocardiography for the diagnosis of right-sided endocarditis.>®*’
Although vegetations are more precisely characterized by transesophageal
echocardiography, both techniques are reliable for the diagnosis of bacterial endocarditis
and one should not expect to diagnose a vegetation on transesophageal echocardiography
when the transthoracic study is negative. Chirillo et al*® used discriminate analysis of
transesophageal echocardiography characteristics of vegetations to show that chaotic
motion was most consistently associated with infective lesions.

In addition to bacterial endocarditis, non-bacterial endocarditis associated with lupus
erythematosus and antiphospholid syndrome are rare causes of vegetations in the right
heart, typically involving the tricuspid valve.?*°

Tricuspid valve prolapse

The true incidence of tricuspid valve prolapse in unknown, and there are no generally
accepted criteria for its diagnosis, but it has been reported in association with mitral valve
prolapse more frequently than as an isolated finding. The reported incidence of tricuspid
valve prolapse has emanated from necropsy studies, but these studies have varied
markedly. In a series of 3083 necropsies,?® myxomatous degeneration of the mitral valve
occurred in 30 (1%); in nine (0.3%) of these, the tricuspid valve leaflets were
myxomatous and voluminous, consistent with prolapse. Davies et al*’ detected mitral
valve prolapse in 102 (7.4%) of 1367 necropsies, of which 41 (3.0%) also had tricuspid
valve prolapse. On two-dimensional echocardiography, prolapse of the septal, anterior
and posterior leaflets, individually or together, superior to the tricuspid annulus have been
described in 19% to 50% of patients with mitral valve prolapse.®®® Tricuspid valve
prolapse primarily involves the anterior and septal leaflets, and is a common finding in
Marfan syndrome.

Ruptured chordae tendineae of the tricuspid valve have been described on
echocardiographic studies.???® Irregular low-frequency diastolic fluttering, wide
excursion of the anterior leaflet and chaotic paradoxical motion of the tricuspid leaflets
have been described in association with ruptured tricuspid chordae. In addition, marked
prolapse of the tricuspid valve leaflets into the right atrium beyond the valve annular
plane occurs with loss of the normal leaflet coaptation. Tricuspid regurgitation invariably
results from ruptured chordae with right ventricular dilatation, vigorous contractile
function, and a dilated, pulsatile right atrium, with incomplete closure of the tricuspid
valve leaflets. Incomplete closure is defined as failure of the tricuspid leaflet tips to reach
within 1cm of the plane of the tricuspid annulus in systole.?
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Tricuspid repair

Various techniques have been used for repair of the tricuspid valve*®"'(figure 4.10).
Kay and DeVega have used suture techniques for remodeling the tricuspid valve annulus
in tricuspid regurgitation. Carpentier and Duran have developed annuloplasty rings that
remodel the annulus and have also described techniques for total repair of the tricuspid
apparatus. Despite controversy over when to repair, replace or do nothing to the tricuspid
valve, various reports have shown promising results in the setting of tricuspid valvular
disease.

Carpentier and Duran techniques

The principles of tricuspid valve repair for tricuspid regurgitation are the same as for
repair of mitral regurgitation.*®**® The right atrial incision is started close to the atrial
appendage and directed obliquely downward towards the posterior aspect of the right
atrium, between the inferior right pulmonary vein and the inferior vena cava. When a
mitral valve repair is also being done, the right atrium is opened parallel to the
atrioventricular groove, medial to the cannulation sites. Tricuspid repair is done without
aortic cross clamping. The surgeon inspects the valve after opening the right atrium,
cognizant of the echocardiographic findings. Functional tricuspid valve regurgitation
results when there is more than a 10% increase in annular size and is easily corrected
with tricuspid annuloplasty. The annulus is measured with obturators to assess the degree
of distention or deformation. Indications for valve repair are based on an annular size
greater than a No. 33 obturator in women and a No. 35 obturator in men, with or without
organic lesions of the tricuspid valve apparatus.



Atlas of multiplane transesophageal echocardiography: volumel 402

Figure 4.10 Artist’s rendition of
tricuspid valve reparative techniques.
S, septal tricuspid leaflet; A, anterior
tricuspid leaflet; P, posterior tricuspid
leaflet; CS, coronary sinus; AV node,
atrioventricular node.
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Figure 4.11 Tricuspid annuloplasty
rings. A, Carpentier ring; B, Carpentier
ring sizers; C, St. Jude ring.

Annular repair is accomplished by prosthetic annular rings. Deloche and colleagues,
have shown that annular dilatation is associated with deformation of the tricuspid orifice.*
The anteroposterior diameter enlarges to a greater degree than the transverse diameter.
Normally the transverse annular diameter is greater than the anteroposterior diameter.
Individual regions of the annulus are affected to varying degrees; the posteroseptal and
anteroposterior commissures, the posterior and the anterior leaflets and, to a lesser
degree, the anteroseptal commissure and the septal leaflet. Tricuspid rings remodel the
shape of the annulus as well as reducing the annular size, by selectively reducing the
annulus at the commissures rather than the leaflets. Ring sizing is done by measuring the
anterior leaflet area with the sizing obturator.
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Tricuspid annuloplasty rings. D, Duran
ring; E, Duran ring on mounting ring;
F, Duran ring sizers.

The Carpentier ring is a fixed ring that conforms to the normal configuration of the
tricuspid annulus (figure 4.11). The ring has demarcations that allow the ring to be
positioned along the curve of the anterior and posterior leaflets, and one curvilinear
segment for positioning along the septal leaflet. The ring is open at the position of the
anteroseptal commissure. The Duran ring is a flexible ring, and is the same ring used for
the mitral ring (figure 4.11). Both rings are placed on the atrial surface and sutured to the
tricuspid annulus.

A previous technique for restoring valve competence was use of a semicircular suture
of DeVega or annular plication to reduce the orifice of the tricuspid annulus without
restoring the proper annular shape. This procedure may result in annular stenosis.

Commissural fusion is treated by incising and splitting the commissures and
placement of an annuloplasty ring. Occasionally it is necessary to resect secondary
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chordae to mobilize the leaflet, and occasionally splitting the papillary muscle by at least
1 cm may be indicated to increase leaflet mobility.

Endocarditis vegetations may be resected after adequate (about 15 days) antibiotic
therapy, provided that sufficient leaflet tissue remains after resection. Leaflets can be
resected or a pericardial patch may be used to repair the leaflets.”’

Carpentier® reported on 1,345 tricuspid valve repairs, of which 1,210 were achieved
with ring annuloplasty with a re-operation rate of 0.6%. Organic lesions were present in
30% of patients. Follow-up catheterization in 30 patients demonstrated good results, with
significant tricuspid valve stenosis in only one patient with preoperative severe organic
disease. A benefit for placement of a tricuspid annular ring is that it does not require
long-term anticoagulation.

Transesophageal echocardiography after tricuspid valve repair almost always shows a
reduction in the amount of tricuspid regurgitation. The tricuspid valve should be assessed
for stenosis, and normally there should be no obstruction to flow. The tricuspid annular
ring appears as an area of increased echogenicity on either side of the annulus, with
normally moving leaflets and trace to mild residual regurgitation.

Kay technique

Zubiate and Kay first reported the technique of tricuspid annuloplasty in 1964 for the
treatment of tricuspid regurgitation and tricuspid stenosis.?® This technique consists of
narrowing the tricuspid annulus by eliminating the posterior leaflet and creating a
competent bileaflet tricuspid valve. Two (or at most three) figure-of-eight silk or mattress
sutures with Teflon felt are placed in the annulus of the posterior leaflet, until there is a
two-finger-breadth opening in the tricuspid valve orifice. When first introduced the
competence of the valve was determined by saline injection, but intraoperative
transesophageal echocardiography provides a more accurate assessment of tricuspid
valve competence.

Kay et al reported on 156 patients with both mitral and tricuspid valve disease, who
underwent mitral or tricuspid replacement or repair.% Tricuspid repair was accomplished
with this method in 127 or 81% of patients. Of the patients who underwent tricuspid
annuloplasty, 91% were free from re-operation at 10 years, which was similar to patients
with tricuspid valve replacement.

DeVega technique

DeVega described an adjustable tricuspid annuloplasty technique in 1972. This technique
consisted of placing double purse-string sutures in the tricuspid annulus encompassing
the anterior and posterior leaflets, which were anchored with Teflon felt and passed
through the atrial wall. Immediately after cardiopulmonary bypass and after stabilization
of hemodynamics, the annular sutures were adjusted to constrict the tricuspid annulus in
the beating heart.

Intraoperative transesophageal echocardiography has been advocated to visualize the
tricuspid regurgitant jet to assist in adjusting the annular suture.”*”® The tricuspid
regurgitation jet size and severity is estimated semi-quantitatively and tension is placed
on the sutures until tricuspid regurgitation is eliminated but before stenosis of the valve is
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produced on color flow Doppler mapping in the right ventricular inflow tract. A few
reports have described the utility of the DeVega technique as guided by transesophageal
echocardiography with good results.”>~"®

Pulmonary valve

Normal anatomy

The pulmonary valve is a semilunar valve composed of three crescent shaped cusps
similar to the aortic valve®**™®" (figure 4.12). The major differences between the
pulmonary valve and the aortic valve are (1) the pulmonary valve tissue is noticeably
thinner, (2) it has a slightly larger valve orifice area, (3) there is no continuity between
the pulmonary and tricuspid valve leaflets, because the right heart valves are separated by
the infundibulum and lie in different planes within the fibrous skeleton, and (4) neither
cusp normally gives off coronary arteries (5). The pulmonary valve is seated, posterior
and slightly cephalad and to the left of the aortic valve within the fibrous skeleton.? The
valve cusps are thin and translucent in the body of the leaflets. In the centre of the valve
cusp near the margin is the node of Arantus. Lunula are formed from fibrous thickening
extending in an arc-like fashion from each side of the node along the inferior border of
the free margin of the leaflet, with convexity toward the pulmonary artery, ending at the
commissures. The free edge superior to this zone of thickening is thin and often
fenestrated. The lunula provides a zone for apposition of the cusps during systole. A rim
of fibrous tissue or the annulus attaches the cusps to the right ventricular outflow tract.
The wall of the pulmonary artery and the juncture of the hingepoints or commissures
produce the sinuses of Valsalva, by duplication of the endocardial lining and
reinforcement by fibrous tissue. The length of the free edge of each pulmonic valve cusp
equals the diameter of the pulmonary artery at the sinus rim, and the combined length of
the free edges of the pulmonic cusps equal the circumference of the pulmonary artery at
the sinus rim.

a b

Figure 4.12 Anatomic preparation of
the pulmonary valve. The pulmonary
valve is seated, posterior and slightly
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cephalad and to the left of the aortic
valve within the fibrous skeleton. The
valve cusps are thin and translucent in
the body of the leaflets. In the centre of
the valve cusp near the margin is the
node of Arantus. Lunula are formed
from fibrous thickening extending in
an arc-like fashion from each side of
the node along the inferior border of
the free margin of the leaflet, with
convexity toward the pulmonary
artery, ending at the commissures. A,
Pulmonary valve closed (diastole); B,
Pulmonary valve open (systole).

The terminology used to label the pulmonary cusps has varied in the literature. Since
in most cases a pulmonary commissure is almost always adjacent to an aortic
commissure, Kerr and Goss have suggested that the pulmonary valve cusps be labeled as
right adjacent, left adjacent and opposite cusps in reference to the aortic valve cusps.®

Similar to the aortic valve, the pulmonary valve may be quadricuspid, bicuspid or
unicuspid. The quadricuspid pulmonary valve is the most common variant, which
functions normally in 94-96% of cases.“® Unicuspid pulmonary valves comprising
acommissural and unicommissural valves are generally stenotic or insufficient, and
occasionally both.®

Echocardiographic visualization

The pulmonary valve is not easily examined by transesophageal echocardiography, since
the pulmonary valve is usually the furthest cardiac structure from the esophageal
window. The normal pulmonary valve leaflets are faintly visualized longitudinally, and a
short axis projection of the valve is not easily obtained even with multiplane
transesophageal echocardiography (figure 4.13). In addition, Doppler techniques are
extremely difficult to perform from transesophageal windows since the pulmonary
outflow tract is usually orthogonal to the Doppler beam.

The right ventricular outflow tract can be visualized from the deep transgastric view,
with the transducer maximally anteflexed with rightward rotation of the probe. The
ventricular apex is at the top of the echocardiographic sector, with the right ventricular
outflow tract coursing obliquely in the centre of the inferior portion of the sector. This
view provides the best opportunity for Doppler interrogation, presenting the right
ventricular outflow tract as close to parallel to the ultrasound beam as possible.

A similar view of the right ventricular outflow tract is obtained from the transgastric
transducer position with rightward rotation of the probe, with its imaging plane from 90-
115 degrees. In this view the right ventricular inflow and outflow tracts may be
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visualized in the same echocardiographic sector with foreshortening of the right
ventricular apex.

Figure 4.13 The pulmonary valve is
not easily examined by
transesophageal echocardiography,
since the pulmonary valve is usually
the furthest cardiac structure from the
esophageal window. The normal
pulmonary valve leaflets are faintly
visualized longitudinally, and a short
axis projection of the valve is not
easily obtained even with multiplane
transesophageal echocardiography. A,
Pulmonary valve closed (diastole); B,
Pulmonary valve open (systole); LA,
left atrium; AV, aortic valve; PV,
pulmonary valve; RVOT, right
ventricular outflow tract.

A longitudinal view of the right ventricular outflow tract may be obtained from the
lower esophageal position with rightward rotation of the probe by steering the transducer
to approximately 110-135 degrees. The infundibulum, pulmonary valve and main
pulmonary artery are visualized in a longitudinal plane coursing obliquely in the image
sector.

The mid to upper esophageal position at 0 degrees produces a horizontal plane of the

base of the heart, with the right ventricular inflow tract cut obliquely and the right
ventricular outflow tract wrapping around the aortic valve. A small portion of the main
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pulmonary artery is seen before it is obscured by the left atrial appendage. With rotation
of the transducer from 75 to 90 degrees, the pulmonary valve may be occasionally
visualized in its true short axis.

Doppler interrogation of blood flow in the right ventricular outflow tract across the
pulmonary valve normally shows laminar flow that peaks in midsystole.

Normal right ventricular outflow velocities in the adult are between 0.6 and 0.9 m/sec
with a mean of 0.75 m/sec, which is less than that across the aortic valve owing to the
larger valve area of the pulmonic valve.®

Pulmonary stenosis

Congenitally malformed valves, rheumatic disease and carcinoid disease may produce
pulmonary valve stenosis.?~*° Pulmonary valve stenosis is rare in patients over the age of
20 years, and survival beyond the sixth decade has been documented only in a few
individual reports.” Calcification of the valve cusps has rarely been reported in
congenital pulmonic valve stenosis.®**% Congenital pulmonic stenosis is often
associated with an interatrial communication of the patent foramen ovale or ostium
secundum type, with an intact ventricular septum and post-stenotic dilatation of the
pulmonary artery.”

Large deposits of calcium in the pulmonic valve are exceptional and encountered only
in patients older than 40 years with severe stenosis.®***% Calcific deposits occur

Figure 4.14 Echocardiographic
demonstration of pulmonary stenosis.
(a) The pulmonic valve is heavily
thickened, with calcification and is
restricted. Systolic doming is easily
seen. With color flow Doppler (b)
disturbed and turbulent, high velocity
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flow is detected across the pulmonic
valve orifice.

on the ventricular surface of the valve cusps, whereas calcific deposits on the stenotic
aortic valves are located predominantly on the aortic surface of the cusps. It is uncertain
whether healed infective endocarditis plays an additional part in the formation of calcific
deposits. Life expectancy is generally dependent upon the interaction of three main
variables: the severity of obstruction, the rate of its progression and the functional
adequacy of the pressure-overloaded right ventricle.*” The severity of the obstruction is
the major variable in determining longevity. Severe pulmonary stenosis should be
relieved before fibrotic changes develop in the right ventricular muscle.?®%

Balloon valvuloplasty for the relief of congenital pulmonic valve stenosis has had a
rapid growth in use since its introduction in 1981.°* Although predominantly used in the
pediatric age group,’® occasionally older patients have benefited from this procedure
when oversized'® or double balloon techniques have been used.®!% The recently
published VACA study indicates that the greatest use of this procedure has been in the
age group of 5-9 years old with a dramatic decline thereafter.’® Immediately after the
valvuloplasty the valve gradient may be estimated using Doppler techniques; however,
due to the fluctuation in gradients obtained immediately after the dilatation, final
gradients should be measured at least one to two days after valvuloplasty for determining
the true residual gradient and estimating long-term results.*®’

Echocardiographic visualization

Pulmonary stenosis is usually diagnosed by imaging techniques and color flow Doppler
(figure 4.14). Color Doppler shows flow convergence before the valve orifice, with a
decrease in flow area at the valve level, and with flow turbulence distal to the valve in the
main pulmonary artery. The severity of the stenosis and degree of post-stenotic dilatation
of the pulmonary artery determine the size, shape, direction and length of the turbulent jet
distal to the stenotic valve. In more severe cases of pulmonic stenosis the post-stenotic jet
increases in velocity and turbulence and decreases in diameter as it is directed towards
the left pulmonary artery. Preferential flow to the left pulmonary artery is due to the
architecture of the main pulmonary artery and its direct continuity with the left
pulmonary artery, which may increase the ratio of left and right pulmonary artery flow to
values of 70:30,108109

Grading the severity of stenosis by conventional Doppler techniques is difficult with
transesophageal echocardiography since it is almost impossible to direct the Doppler
beam parallel to blood flow in the right ventricular outflow tract, even with a multiplane
transducer. The best views for orienting the Doppler beam parallel to the right ventricular
outflow tract is the deep transgastric view, imaging the right ventricular outflow tract and
the pulmonary valve in long axis. In this view, the pulmonary valve area may be
measured by the vena contracta method assuming a circular stenotic pulmonary valve
orifice. Peak gradients may be estimated in this view, with slight underestimation of the
gradient compared with catheterization measurements.**
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Pulmonary regurgitation

Pulmonic valve regurgitation may result from anatomically normal or abnormal valve
cusps. The most common cause of pulmonic valve regurgitation is dilatation of the
pulmonary trunk and pulmonic valve annulus associated with pulmonary arterial
hypertension.>®” Pulmonic valve regurgitation also results from congenital or acquired
disease such as rheumatic disease, carcinoid, infective endocarditis and trauma. In most
patients physiological or trace pulmonic regurgitation is seen with color flow Doppler
techniques™>**® (figure 4.15). Pulmonary valve regurgitation, despite its cause, rarely
necessitates valve replacement and follows a benign course.

Color Doppler identifies pulmonary regurgitation as a retrograde, turbulent flow jet
originating at the valve plane and directed into the right ventricular outflow tract. The
pulmonary artery/right ventricular gradient and regurgitant volume dictates the size and
the extent of the color jet. The planimetered jet area indexed for body surface area has
also been used as a measure of severity.®* When compared with angiographic grade, a
pulmonary regurgitant area index of 0.64 + 0.60 cm?m? is seen with mild regurgitation,
1.07 £ 0.63 with moderate, and 2.2 + 1.67 with severe regurgitation. The regurgitant
index also shows a strong correlation with pulmonary regurgitant fraction by
videodensitometric techniques (r = 0.84).

Physiological pulmonary regurgitation has been reported in 40-78% of normal valves,
without evidence of structural heart disease or pulmonary hypertension.**>*®
Physiological regurgitation is identified with color flow Doppler as small, thin, central
jets that extend less than 1 cm into the right ventricle.**>*1

Endocarditis

Pulmonic valve endocarditis is rare, despite an increase in frequency of right-sided
endocarditis. Shapiro et al have suggested that the true incidence of pulmonic valve
endocarditis may be higher than previously reported, due to the under detection of
pulmonary valve vegetation with transthoracic echocardiography.*” They reported three
cases of pulmonary valve endocarditis diagnosed with transesophageal echocardiography
that had negative transthoracic echocardiographic studies. Careful examination of the
pulmonary valve should be performed when patients present with clinical evidence of
right-sided endocarditis.

Pulmonary artery

Acquired disease of the pulmonary arteries is similar to that affecting the aorta, but its
frequency is considerably lower than that of the aorta. Disease of the pulmonary arteries
can be categorized according to the pathology, as aneurysmal dilatation or luminal
narrowing by obstruction. Diseases of the pulmonary trunk and pulmonary arteries
include medial degeneration, atherosclerosis, arteritis, and trauma. Congenital diseases
may produce stenosis, atresia, and aneurysm. The most common condition affecting the
pulmonary arteries, however, is not in situ disease but pulmonary embolism, from
thrombi formed elsewhere in the systemic venous system.
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Normal anatomy

The pulmonary trunk originates from the right ventricular outflow tract and branches into
the right and left main pulmonary arteries (figure 4.16). The length of the pulmonary
trunk averages 4 to 5 cm, with an internal diameter of 2 to 3 cm. The internal diameter of
the pulmonary artery is usually smaller compared with the adjacent segment of the
aorta.® The diameter and thickness of the intima and media increase in size with
advancing age.™® The right pulmonary artery forms an acute angle, usually around 90
degrees as it branches from the pulmonary trunk, following a horizontal course almost
parallel to the roof of the atria. The left pulmonary artery projects as an extension of the
pulmonary trunk in an antero-posterior direction into the chest. The ductus arteriosum
comes off the superior portion of the bifurcation of the main pulmonary artery, towards
the left chest and joins the inferior surface of the junction of the distal aortic arch and
descending thoracic aorta. The aorta and the pulmonary trunk share adventitia with the
aorta on its right antero-lateral surface.'?
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Figure 4.15 Pulmonary regurgitation. In most patients
physiological or trace pulmonic regurgitation is seen
with color flow Doppler techniques. Pulmonary valve
regurgitation, despite the cause, rarely necessitates
valve replacement and follows a benign course. Color
flow Doppler identifies pulmonary regurgitation as a
retrograde, turbulent flow jet originating at the valve
plane and directed into the right ventricular outflow
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tract. The pulmonary artery/right ventricular gradient
and regurgitant volume dictates the size and the extent
of the color jet. MPA, main pulmonary artery; PV,
pulmonary valve.

Figure 4.16 Anatomical preparation of the great
arteries as visualized from the upper esophageal
windows. The pulmonary trunk originates from the
right ventricular outflow tract and branches into the
right and left main pulmonary arteries. The length of
the pulmonary trunk averages 4 to 5 cm, with an
internal diameter of 2 to 3 cm. The internal diameter of
the pulmonary artery is usually smaller in comparison
to the adjacent segment of the aorta. Ao, aorta; SVC,
superior vena cava; RPA, right pulmonary artery;
MPA, main pulmonary artery.
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Figure 4.17 The pulmonary artery is
visualized in the upper esophageal
position with the transducer in the
neutral or anteflexed position at 0
degrees. The main pulmonary artery
and the proximal bifurcation of the
right and left pulmonary arteries are
visualized (a). Rotating the probe
slightly to the right visualizes the right
pulmonary artery coursing horizontally
in a longitudinal projection and can
often be followed out to the first
branches. Rotating the probe slightly to
the left visualizes a short segment of
the left pulmonary artery in short axis.
Normal systolic color flow pattern of
the pulmonary artery (b—d). Ao, aorta;
SVC, superior vena cava; PA,
pulmonary artery.
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Echocardiographic evaluation

The pulmonary artery is visualized in the upper esophageal position with the transducer
in the neutral or anteflexed position at O degrees (figure 4.17). The main pulmonary
artery and the proximal bifurcation of the right and left pulmonary arteries are visualized.
Rotating the probe slightly to the right visualizes the right pulmonary artery coursing
horizontally in a longitudinal projection and can visually be followed out to the first
branches. Rotating the probe slightly to the left visualizes a short segment of the left
pulmonary artery in short axis.

Idiopathic dilation

Although rarely encountered, the most common reason for pulmonary artery enlargement
is idiopathic dilation."*®*** Idiopathic dilation of the pulmonary trunk is poorly
understood as it has been labeled as a forme fruste of Marfan syndrome, since histology
of the artery wall reveals focal disruption of the elastica, not dissimilar to cystic medial
necrosis. 1%

Aneurysms

Aneurysm of the pulmonary trunk and the main pulmonary artery are extremely rare,
with an incidence of 0.04% in a necropsy study by the National Heart, Lung and Blood
Institute.*** Most aneurysms of the pulmonary artery are associated with left-to-right
shunts, and have also been described with Marfan syndrome, primary pulmonary
hypertension,*?® mitral stenosis,"?® mycotic aneurysm,™® tuberculosis and syphilis.*?**%
Pulmonary artery aneurysms that have been described without pulmonary hypertension
are post-stenotic dilation, trauma and Marfan syndrome. Despite these reports, most cases
of pulmonary artery aneurysm are judged congenital.*?® Pulmonary artery aneurysm
typically involves the pulmonary trunk with or without its branches in 80-90% of
cases.”® The right pulmonary artery is involved more frequently than the left pulmonary
artery, in 8% of cases compared with 3%."% Rupture of pulmonary artery aneurysms has
been reported in 11% of cases.**

Medial degeneration of the pulmonary arteries occurs in Marfan syndrome with
histological changes similar to that found in the aorta.*** The media of the pulmonary
trunk and main pulmonary arteries may contain an increased amount of
mucopolysaccharides with pools of mucoid material.***

Case reports of arteritis have been reported with tuberculosis and syphilis.2® Most
vasculitides, Wegener’s granulomatosis, lymphomatoid granulomatosis, and necrotizing
sarcoid angiitis involve the intrapulmonary pulmonary arteries and spare the main
pulmonary arteries.**!

Atherosclerosis

With advancing age, the intima of the pulmonary artery thickens from its single layer of
endothelial cells in youth. Thickening and focal patches of atherosclerotic plaque occur
predominately at bifurcation points in patients with pulmonary hypertension and/or
hyperlipidemia.****33
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Atherosclerosis of the pulmonary arteries is a rather common finding at necropsy.
Moore et al described necropsy findings in 337 consecutive adults older than 15 years.**®
Pulmonary artery atherosclerosis correlated significantly with age, right ventricular
dilatation and hypertrophy, pulmonary emphysema, pulmonary embolization and aortic
atherosclerosis.

Dissection

Dissection of the main pulmonary arteries is a rare complication of dilated pulmonary
artery secondary to chronic pulmonary arterial hypertension.***** Pulmonary dissection
may also occur with normal pulmonary pressures as in idiopathic dilatation, chronic
arteritis  (syphilis and tuberculosis), right heart endocarditis, amyloidosis and
bronchogenic carcinoma. In most published case reports, the diagnosis was made at
necropsy; however, recent reports have described diagnosis of dissection with
echocardiography, and cine-magnetic resonance imaging.’® In many cases, death is
caused by pulmonary artery dissection with pericardial tamponade produced by bleeding
into the mediastinum.

Steurer et al reviewed 28 cases of pulmonary artery dissection that preceded their
cases in the literature.™®* Clinical symptomatology with pulmonary artery dissection was
non-specific, 82% of patients experienced dyspnea, 67% had retrosternal chest pain that
resembled the pain of aortic dissection or myocardial ischemia, and 52% had central
cyanosis. In seven patients with dissection, right heart catheterization showed raised
pulmonary artery pressures equal to systemic pressure.

In review of necropsy findings in patients with pulmonary artery dissection, the
dissection was located in the first 2 or 3 cm of the main pulmonary artery. In five patients
there was more than one intimal dissection and in four patients the dissection was
associated with a true aneurysm. Two patients had chronic dissection that did not result in
pulmonary artery rupture. Most patients had atherosclerosis and/or cystic medial necrosis.

Transesophageal echocardiography is extremely helpful in diagnosing pulmonary
artery dissection and compliments transthoracic echocardiography in making the
diagnosis.

Pulmonary embolism

The most frequent disease of the pulmonary arteries is pulmonary artery embolism. The
diagnosis of pulmonary embolism can be difficult to establish since the clinical
manifestations are similar to those of other cardiopulmonary disorders.****° The
characteristic symptoms and signs, which include dyspnea, chest pain, tachypnea, and
hypotension, are not specific for definitive diagnosis of pulmonary embolism. Accurate
diagnosis is important since untreated in-hospital mortality is up to 30%, whereas it is
only 8% if diagnosed and treated appropriately.®® When transesophageal
echocardiography is performed in critically ill patients, unsuspected pulmonary embolism
is frequently observed.' %
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Case 4.1 Pressure/volume overload of
the right heart. Short axis (enface)
views of the tricuspid valve are
obtained with clockwise rotation
(towards the patient’s right) of the
probe in the gastric position at 0
degrees. All three tricuspid valve
leaflets are visible and their motion can
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be assessed throughout the cardiac
cycle (a—c). Best images are usually
obtained when the right heart is
dilated, as in this study. With mild
advancement of the probe past the
tricuspid annular plane the right
ventricular cavity is visualized in short
axis (e) and with mild
counterclockwise rotation the right
ventricular outflow tract is brought
into view (d). Note the flattening of the
ventricular septum towards the left
ventricle and right ventricular
hypertrophy, consistent with
pressure/volume overload. TV,
tricuspid valve; LV, left ventricle; RV,
right ventricle, PA, pulmonary artery.

Wittlich et al assessed the role of transesophageal echocardiography in patients proved
to have pulmonary embolism, and detected central pulmonary artery thromboemboli in
35 of 60 patients with pulmonary embolism.**® Transesophageal echocardiography is a
sensitive, specific, and safe technique for diagnosing pulmonary embolus in critically ill
patients.****** Transthoracic echocardiography may also show right heart strain, or right
ventricular dilatation and increased right ventricular systolic pressures. Kasper et al
studied 105 patients with pulmonary embolus by transthoracic echocardiography and
found that 75% had right heart dilatation.**® Transthoracic echocardiography has
demonstrated pulmonary embolus passing through the right heart chambers.*’
Thromboemboli in the main pulmonary artery and its bifurcation have rarely been
detected by transthoracic echocardiography due to poor visualization of the pulmonary
arteries beyond the main pulmonary artery. Establishing a prompt diagnosis of pulmonary
embolus favorably affects the short-term outcome in critically ill patients with
cardiopulmonary disease. In a study by Patel et al the diagnosis of pulmonary embolus by
transesophageal echocardiography altered treatment in 14 patients with clinically
unsuspected pulmonary embolus.'** Ten of 14 patients recovered clinically and were
discharged from the hospital while four patients died despite appropriate treatment.
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Case 4.2 Tricuspid stenosis. The
tricuspid valve may be visualized in
short axis from the lower esophageal
and transgastric position which is
useful for planimetery of the valve
orifice when restricted (a). In the deep
transgastric view the tricuspid valve is
visualized in a longitudinal plane (b)
along the annulus (arrow) similar to a
four chamber transthoracic image,
which shows a small, narrow right
ventricular cavity. This view allows an
almost parallel orientation for pulsed
and continuous wave interrogation (c)
of the right ventricular inflow tract for
demonstrating tricuspid stenosis
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(closed arrow) and regurgitation (open
arrow). Although the tricuspid valve is
thickened with restricted opening, the
valve is rarely heavily calcified as with
mitral stenosis, which explains why
tricuspid stenosis is frequently
overlooked. RV, right ventricle; LV,
left ventricle, AV, aortic valve; TVO,
tricuspid valve orifice; LA, left atrium.

Case 4.3 Tricuspid stenosis and
tricuspid regurgitation. In the lower
esophageal view the probe is rotated
towards the patient’s right in a
clockwise fashion to assess the
tricuspid valve in a longitudinal plane.
In a patient with tricuspid stenosis (a)
the tricuspid valve apparatus and
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leaflets are markedly thickened with
restricted amplitude of opening
(arrow). The tricuspid annulus is
mildly calcified. With color flow
Doppler a stenotic flow jet (arrow) is
demonstrated in the right ventricular
inflow tract (b) and flow convergence
(arrow) is seen in zoom mode. During
systole a small tricuspid regurgitant jet
(arrow) is detected (d). RA, right
atrium; RV, right ventricle; LV, left
ventricle.

Case 4.4 Tricuspid stenosis and severe
tricuspid regurgitation in a patient with
rheumatic disease. The tricuspid valve
is thickened with decreased mobility

and demonstrates diastolic doming (a).
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The right atrium is markedly enlarged
with severe calcification of the
tricuspid annulus (b). Color flow
Doppler shows a stenotic jet across the
valve (c) with a large regurgitant jet
filling almost the entire right atrium

Case 4.5 Rheumatic mitral stenosis
and severe tricuspid regurgitation. The
tricuspid valve shows annular
calcification with leaflet thickening
and prolapse (arrow) during systole (a)
in a two-chamber view. In a four-
chamber view marked mitral stenosis
is noted with biatrial enlargement.
With color flow Doppler, severe
tricuspid regurgitation (c, d) is noted
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filling the right atrium. Flow
convergence of the regurgitant jet
(arrow) is demonstrated.

Short axis views of the base of the
heart in the upper esophageal position
(e) demonstrate the tricuspid
regurgitant jet and allow parallel
orientation of the jet to permit
continuous wave Doppler interrogation
of the regurgitant jet (f). LA, left
atrium; RV, right ventricle; LV, left
ventricle.

Case 4.6 Tricuspid valve annuloplasty
ring. Following surgical implantation
of a Carpentier annuloplasty ring, the
annular orifice (star) and the ring
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(arrows) is shown from manipulation
of the probe between the lower
esophageal and transgastric windows
at 0 degrees. RA, right atrium; RV,
right ventricle; LV, left ventricle.

Case 4.7 Color flow Doppler after
surgical implantation of a Carpentier
annuloplasty ring in the tricuspid
position (arrow) and a mitral valve
prosthesis (a). Disturbed flow is
depicted across the tricuspid valve
during diastole. There was no
detectable tricuspid regurgitation
during systole (c, d) with physiological
regurgitation from the mitral prosthesis
(b). RA, right atrium; LA, left atrium;
LV, left ventricle.
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Case 4.8 Tricuspid valve mobile,
pedunculated vegetation (arrow)
attached to the atrial surface of the
septal leaflet as visualized from the
mid-lower esophageal window at 0
degrees (a—c). Small tricuspid valve
vegetations may require the zoom
mode for better appreciation (c). RA,
right atrium; RV, right ventricle; LA,
left atrium; LV, left ventricle.
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Case 4.9 Fungal endocarditis in an
intravenous drug abuser, with a large
globular tricuspid vegetation (arrow)
producing partial obstruction of the
right ventricular inflow tract (a—d). The
vegetation is freely prolapsing through
the tricuspid valve plane from the right
atrium to the right ventricle during the
cardiac cycle. RA, right atrium; RV,
right ventricle; LA, left atrium; LV,
left ventricle.
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Case 4.10 Tricuspid valve vegetation with an annular
abscess and rupture into the right atrium. A shaggy
large vegetation (arrow) with finger like projections is
demonstrated in multiple views (a—c). Color flow
Doppler shows tricuspid regurgitation (arrow) during
systole (d). With rotation of the transducer from 90
through 170 degrees the abscess cavity and rupture are
demonstrated. Although 0 and 180 degrees are roughly
mirror-image echo planes, in this case better posterior
cardiac views are obtained of the right heart. An
abscess in the tricuspid annulus is suggested at 170
degrees (e) near the membranous portion of the
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ventricular septum (closed arrow) with discontinuity of
the tricuspid leaflet at the site of attachment (open
arrow).

In zoom mode at 135 degrees, the
vegetation is noted associated with
friable tissue (arrow), which shows
chaotic motion (f). With minor
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manipulation of the probe the most
posterior aspect of the annulus is
inspected, which shows the abscess as
multiple cystic echolucencies (star)
that fill with color Doppler (h). Further
manipulation of the probe (i) yields
two systolic jets (arrows), which
emanate from the tricuspid orifice and
near the area of discontinuity of the
tricuspid leaflet. Rotating the
transducer to 125 degrees (j) to the
anterior aspect of the right heart shows
normal anatomy of the left ventricular
outflow tract and the ventricular
septum. RA, right atrium; RV, right
ventricle; LA, left atrium; LV left
ventricle; PA, pulmonary artery;
LVOT, left ventricular outflow tract;
AV, aortic valve.
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Case 4.11 Multiplane transesophageal
echocardiographic demonstration of
idiopathic pulmonary artery dilatation.
In the transgastric position at 0 degrees
with the probe rotated clockwise the
inferior vena cava is shown entering
the right atrium, which is enlarged (a).
Withdrawal of the probe to mid
esophageal position with anteflexion
visualizes a dilated inferior vena cava
in short axis with a full view of the
right atrial appendage (b, ). Rotating
the transducer to 85 degrees visualizes
the bi-caval view of the right atrium

(d).
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Counterclockwise rotation of the probe
and further rotation of the transducer
from 80 to 120 degrees visualizes the
right ventricular outflow tract and
proximal branching of the main
pulmonary artery (e—g).
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Withdrawal of the probe to the upper
esophageal window from 0 to 160
degrees, with mild anteflexion
demonstrates dilatation of the main
pulmonary artery and the right and left
pulmonary arteries (h-1) when
compared with the aorta and the
surrounding anatomic structures.
Normally, the pulmonary arteries are
not as well demarcated as they are
when dilated.
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Further withdrawal of the probe in the
neutral position allows visualization of
the main pulmonary artery with
branches in longitudinal projection
(m-p). Color flow Doppler shows flow
in the pulmonary artery (n) and
branches (p), which also allows for
parallel orientation of pulmonary flow
for interrogation with conventional
Doppler. IVC, inferior vena cava; RA,
right atrium; RAA, right atrial
appendage; LA, left atrium; SVC,
superior vena cava; FO, foramen
ovale; AV, aortic valve; RVOT, right
ventricular outflow tract; PV,
pulmonary valve; MPA, main
pulmonary artery; LPA, left pulmonary
artery; RPA, right pulmonary artery;
Ao, aorta.
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Case 4.12 Right ventricular
hypertrophy. Short axis transgastric
views of the right and left ventricle
obtained at 0 degrees. Diastolic frame
(a) and systolic frame (b) show
markedly thickened right ventricular
walls and near cavity obliteration
during systole. Four-chamber view
from the lower esophageal view with
mild retroflexion at 0 degrees shows
right ventricular wall thickening during
diastole (c) and systole (d). RA, right
atrium; LA, left atrium; RV, right
ventricle; LV, left ventricle.
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Case 4.13 Normal pulmonary valve.
The pulmonary valve is not as well
visualized as the other cardiac valves,
even with transesophageal
echocardiography, largely due to its
thin leaflets and the valve’s distance
from the esophagus. Longitudinal (a—
d) and short axis (e—g) views of the
normal pulmonary valve in zoom
mode throughout the cardiac cycle
from diastole to systole, obtained from
the mid to upper esophageal window at
60 degrees. The leaflets are not fully
visualized, as they move out of plane
especially in the short axis views.
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Case 4.14 Pulmonary stenosis. Right
ventricular outflow tract views
obtained from the mid to upper
esophageal window demonstrate
thickening of the pulmonary valve
during diastole (a) and systole (b).
Note that the right ventricle shows
hypertrophy. With fine manipulation
of the probe centering on the
infundibular region subvalvular
stenosis is demonstrated (arrow) (c).
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With color flow Doppler, disturbed
and high velocity flow is detected
during systole in the subvalvular and
valvular region consistent with
pulmonic stenosis (d—f). Withdrawal of
the probe to the upper esophageal
position with anteflexion (g-h)
demonstrate the stenotic pulmonary
valve (arrow) with thickened, restricted
leaflets and systolic doming (h) with a
stenotic flow jet.
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Longitudinal views of the main
pulmonary artery from the upper
esophageal view demonstrate the
stenotic valve (j) enface and also allow
continuous wave Doppler interrogation
(k) as well as m-mode of valve leaflet
motion (). RA, right atrium; LA,
atrium; RVOT, right ventricular
outflow tract; AV, aortic valve; PV,
pulmonary valve; MPA, main
pulmonary artery.
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Case 4.15 Pulmonic regurgitation. The
pulmonary valve is mildly thickened
during diastole with dilatation of the
main pulmonary artery. With color
flow Doppler a large diastolic
regurgitant jet is visualized. The right
ventricle is dilated and hypertrophied
in short axis (c) and four-chamber
longitudinal views (d). AV, aortic
valve; RVOT, right ventricular outflow
tract; PV, pulmonary valve; MPA,
main pulmonary valve; RV, right
ventricle; LV, left ventricle.
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Case 4.16 Bicuspid pulmonary valve
with a dilated pulmonary artery. The
patient underwent a multiplane
transesophageal examination for chest
pain two years after aortic root and
valve replacement for aortic dissection.
The patient had a bicuspid aortic valve
at the time of surgery. Short axis view
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of the base of the heart showed the
pulmonary valve enface during
diastole (a) and systole (b). With
anteflexion of the probe, dilatation of
the main pulmonary artery was noted
in reference to the aortic graft (c) at 0
degrees. Dilatation of the pulmonary
artery and the aortic graft allowed
visualizing the valve plane enface,
during early systole (d, e) the eccentric
valve orifice (star) was visualized and
with full valve opening (f) the
commissures were clearly shown
(arrow). LA, left atrium; AV, aortic
valve; PV, pulmonary valve; MPA,
main pulmonary artery; Ao, aorta.
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Case 4.17 Pulmonary valve vegetation
(arrow) visualized on the ventricular
surface of the pulmonary valve.
Pulmonary valve vegetations are more
frequently shown with multiplane
transesophageal echocardiography
(TEE) although the resolution of TEE
is not always ideal for detailed analysis
(a, b). Pulmonary valve vegetations
appear as shaggy masses of increased
echogenicity in the area of the valve
plane. PA, pulmonary artery; RVOT,
right ventricular outflow tract.
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Case 4.18 Pulmonary valve vegetation.
Horizontal views obtained from the
mid-esophageal window at 80 degrees
show increased echogenicity (arrow) in
the pulmonary valve plane suggesting
a mass or vegetation during systole (a)
and diastole (b). A discreet, fixed but
shaggy mass is attached to the anterior
cusp of the pulmonary valve in zoom
mode (c). RVOT, right ventricular
outflow tract; MPA, main pulmonary
artery; LA, left atrium.
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Case 4.19 Pulmonary artery plaqueing
and debris. Atherosclerotic disease of
the pulmonary artery is often
overlooked, but is common in
association with significant aortic
atherosclerosis. Horizontal views
obtained from the upper esophageal
window show the main pulmonary
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artery and branches (a—c) at 0 to 95
degrees. The pulmonary artery walls
appear thickened and calcified, as
exhibited by ghosting and shadowing
with small intraluminal echogenic
masses (arrows). Longitudinal views
of the right pulmonary artery cross-
section (d) show debris (arrow), as
does the corresponding zoom mode
(e). SVC, superior vena cava; Ao,
aorta; RPA, right pulmonary artery;
LPA, left pulmonary artery; LA, left
atrium; PA, pulmonary artery; RVOT,
right ventricular outflow tract. a b

Case 4.20 Pulmonary embolus. Saddle
pulmonary embolus (arrows) nearly
obstructing the main, right and left
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pulmonary arteries (a—d) as visualized
in multiple views with transesophageal
echocardiography. Color flow Doppler
shows pulmonary artery flow outlining
the pulmonary embolus occupying the
right pulmonary artery. SVC, superior
vena cava; Ao, aorta; LA, left atrium;
AV, aortic valve; RVOT, right
ventricular outflow tract; LPA, left
pulmonary artery.

Case 4.21 Pulmonary embolus. A
venous cast that migrated to the
pulmonary artery producing a
pulmonary embolus, horizontal view
(a) and longitudinal view
demonstrating the tip of the cast in the
right pulmonary artery (b). Pulmonary
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embolus associated with right heart
catheter in a patient that developed
signs and symptoms of a pulmonary
embolus after Swan—-Ganz placement.
The thrombus producing the embolus
was thought to be dragged to the
pulmonary artery from the neck veins.
Longitudinal views of the right
ventricular outflow tract demonstrate a
large thrombus in close proximity and
attached to a right heart catheter during
diastole (c) and systole (d). Ao, aorta;
PA, pulmonary artery; LA, left atrium;
LVOT, left ventricular outflow tract;

Case 4.22 Pulmonary artery dissection.
Horizontal views of the main (a) and
right pulmonary artery (b) obtained
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from the upper esophageal window
with anteflexion at 0 degrees
demonstrating marked dilatation in
reference to the aorta.

Spontaneous contrast is noted
predominately in the right pulmonary
artery. With minor clockwise and
counterclockwise manipulation of the
probe (c-e) an intimal flap (arrow) is
confirmed in the main pulmonary
artery extending to the left pulmonary
with the entry tear (arrow) located in
the proximal main pulmonary artery
just distal to the pulmonary valvular
plane (f). Postoperative views (g, h)
show a surgical graft (star) in the
pulmonary artery position. The
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corrugated appearance of the graft
(arrows) is well defined by
transesophageal echocardiography (g).
Ao, aorta; MPA, main pulmonary
artery; RPA, right pulmonary artery.
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5
Diseases of the thoracic aorta

Historical perspective

Although diseases of the aorta have been known to plague man for centuries, diagnosing
and treating aortic disease has slowly progressed through the years. In 1557, Vesalius®
described the first traumatic aortic rupture in a patient who suffered a serious fall from a
horse, and it was realized that the aorta was vulnerable to injury from traumatic accidents.
Although dissection of the aorta was first described in the 16th century, it was not until
1819 that Laennec coined the term “dissecting aneurysm”,? proving that the aorta was
subject to destructive pathological processes. The first modern report of the clinical and
pathologic findings of aortic dissection was described by Shennan® in 1934. However,
aortic disease remained largely an elusive disorder for physicians, since the aorta could
only be studied at necropsy. The first successful surgical repair of a dissecting descending
aneurysm of the thoracic aorta in 1953 by DeBakey and colleagues® enhanced our
understanding of aortic pathology, and along with it the hope that aortic disease could be
treated before a catastrophic event occurs. In 1959, Passaro and Pace® spurred the interest
in aorta surgery when they performed the first surgical repair of a traumatic aortic
transection. Much of the knowledge about aortic disease was still left to the pathologists,
since a good imaging technique for examining the aorta was not available. Edwards et al.®
subsequently described variations in the patterns of aortic dissection, and Stanson et al.’
described the variant of penetrating atherosclerotic ulcers in 1974. These reports both
improved the understanding of the dissection process and created controversy as to the
initiating cause and progression of aortic disease. It was not until the mid-1980s that
atherosclerotic plaques of the aorta were visualized by ultrasound techniques® to illustrate
their role in obstructive aortic disease.

Since that time, efforts have focused on improving diagnostic and surgical techniques
using non-invasive techniques. Diagnostic imaging methods in the 1990s, including
computed axial tomographic (CAT) scanning, magnetic resonance imaging (MRI) and
transesophageal echocardiography (TEE), have expanded our knowledge of aortic disease
beyond atherosclerosis, aneurysm, and dissection. They have characterized the natural
history of aortic disease, affording the potential for aortic surgical repair with optimum
timing earlier in the course of the disease.

Transthoracic echocardiography, although used routinely to evaluate the thoracic
aorta, is difficult and time consuming, and is often unrevealing. Multiple views and
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imaging planes are required to image the aorta in its entirety from the chest wall owing to
the ultrasound impedance induced by the chest wall and lungs. In older patients and in
patients with significant atherosclerotic disease, the aorta becomes increasingly tortuous,
displacing the aorta deeper into the chest cavity to prevent optimal imaging from the
anterior chest wall. Thus, the complete diagnosis of aortic disease is not often made with
certainty by use of transthoracic echocardiography alone.

Figure 5.1 Normal thoracic aorta
anatomy. Heart and lung post-mortem
specimen (a) with left lung removed
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demonstrating the anatomical
relationships of the thoracic aorta,
heart, trachea and right lung. The
ascending aorta lies anterior to the
right bronchus and the crossover
represents the transverse aortic arch.
The esophagus (not shown) is posterior
to the trachea and one may gain an
appreciation of the anatomical layers
the ultrasound beam travels in order to
visualize the thoracic aorta.
Longitudinal cross-sectional
preparation of the thoracic aorta (b, c)
demonstrating the ascending, arch,
descending aorta and great vessels,
ligamentum arteriosum (open arrow),
thoracic arteries (closed arrow). The
area of the so-called aortic blind spot
that occurs with monoplane and
biplane transesophageal
echocardiography (TEE) imaging is
highlighted in blue. With multiplane
TEE full visualization of the aorta and
great vessels are readily identified in
most cases. In (c), the aortic segments
are color-coded, ascending, arch, and
descending to demonstrate the
boundaries of each segment. Asc Ao,
ascending thoracic aorta; Arch, aortic
arch; D Ao, descending aorta; IA,
innominate artery; LC, left carotid; LS,
left subclavian.

Owing to the close proximity of the esophagus to the aorta, TEE has had a tremendous
impact in the examination of the aorta because it provides imaging planes with
spectacular detail of the aortic wall. One limitation of biplane and monoplane TEE has
been in imaging the entire aorta. Aortic transesophageal imaging is obscured where the
trachea and right bronchus traverse and pass between the esophagus and the aorta (figure
5.1). An echocardiographic blindspot thus occurs at the level of the distal ascending aorta

where it blends into the aortic arch. By contrast to the limited number of imaging planes
obtained with monoplane or biplane TEE probes, multiplane TEE has virtually eliminated
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the blindspot and allows adequate visualization of the whole aorta. Multiplane TEE also
allows for better visualization of the continuity of the aortic arch and great vessels over
that provided by biplane or monoplane scopes.

Multiplane TEE is arguably the method of choice for diagnosing aortic dissection and
other forms of aortic disease in most clinical circumstances. Patients can be evaluated
safely at the bedside and an immediate diagnosis can be obtained, with little patient
discomfort. In addition, the presence of intra-aortic atheromatous debris can be identified,
which is a source of systemic embolus and a precursor of other forms of aortic disease.

Normal thoracic aorta

The normal aorta is a tubular structure, which twists and turns in the thoracic cavity
beginning at the aortic valve, extending longitudinally into the lower abdomen and
ending in the pelvis by dividing into two common iliac arteries. The aortic diameter is
largest at its origin in the thorax and slowly tapers in size prior to bifurcation in the
abdomen. The overall dimensions, length and diameter of the aorta, are dependent on the
body habitus (table 5.1).°® The aorta is anatomically denoted as the thoracic aorta and
abdominal aorta. Dividing the aorta into segments is useful for anatomic notation as well
as for classifying aortic diseases.

Table 5.1 Normal diameters ofthe aorta
according to body habitus'*®

Aortic segment  Average diameter (mm)
Body habitus

Small Medium Large
Aortic root 27 31 37
Ascending 28 32 39
Aortic arch 28 32 39
Descending thoracic 21 27 33
Diaphragmatic 20 26 33
Suprarenal 16 22 29
Infrarenal 13 19 26
Bifurcation 11 17 24
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AN

Figure 5.2 Longitudinal heart,
pulmonary artery and thoracic aorta
cross-sectional anatomical preparation.
Appreciation for the anatomical
relationships of the aorta is
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demonstrated, as they would be seen
on a multiplane TEE examination. A
full appreciation of these relationships
IS necessary to interpret accurately the
information obtained with multiplane
examinations. RV, right ventricle; LV,
left ventricle; AML, anterior mitral
leaflet; AV, aortic valve (left and non-
coronary cusps); Asc Ao, ascending
aorta; 1A, innominate artery; LC, left
carotid; LS, left subclavian artery; PA,
pulmonary artery; LA, ligamentum
arteriosum; D Ao, descending aorta.

The thoracic aorta is divided into the ascending aorta, aortic arch, and descending
thoracic aortic segments by specific anatomic landmarks in the chest (figures 5.2 and
5.3). The ascending aorta originates with the aortic valve and ends at the origin of the
innominate artery. The aorta is further subdivided into the aortic root and the tubular
ascending aorta. The aortic root is composed of the aortic annulus, aortic valve leaflets,
and sinuses of Valsalva, and is referred to as the aortic valve complex (figure 5.4). The
aortic leaflets are attached to the aortic wall above which are sinuses of Valsalva. The
aortic root ends where the sinuses of Valsalva join the ascending aorta with a discrete
area of narrowing designated as the sinotubular junction. In the normal aorta the
sinotubular junction is approximately 10-15% smaller in diameter than the aortic annulus
(table 5.2, figure 5.4).**™ The sinotubular junction enlarges with age and this waisted
appearance is lost. The tubular ascending aorta is usually divided into proximal and distal
segments using as a reference the crossover of the right pulmonary artery.
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Figure 5.3 Normal heart and thoracic
aorta anatomical specimen
demonstrating the posterior
relationship of these structures as
would be encountered and visualized
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from the esophagus with TEE. LV, left
ventricle; IVC, inferior vena cava; RA,
right atrium; LA, left atrium; RPA,
right pulmonary artery; LPA, left
pulmonary artery; D Ao, descending
aorta; LS, left subclavian; LC, left
carotid; IA, innominate artery.

Figure 5.4 Anatomical preparation of
the aortic root demonstrating normal
dimensions. Progressing from left to
right, aortic annulus, sinuses,
sinotubular junction and junction
between the ascending aorta and arch.
Echocardiographic measurements may
be made in each section where arrows
represent where to measure. Table 2
lists the normal dimensions for each
area of the aortic root and thoracic
aorta. ™
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Table 5.2 Normal adult cross-sectional
echocardiographic values

Parasternal long axis N Mean + SD* (cm) Range (cm)
Aorta (end-diastole)

Aortic annulus 68 19+0.2 1.4-2.6
Sinus of Valsalva 68 28+0.3 2.1-35
Sinotubular junction* 64 24+04 1.7-34
Ascending aorta 44 26+0.3 2.1-34
Triulzi M, Gilliam LD, Gentile F, et al. Normal adult cross-sectional echocardiographic
values: linear dimensions and chamber areas. Echocardiography 1984;1:403-26.

The aortic arch begins at the origin of the innominate artery as a continuation of the
curved distal ascending tubular aorta, and ends at the aortic isthmus directly opposite the
origin of the left subclavian artery. This area gives rise to the ligamentum arteriosum on
the lesser or minor curvature of the arch, producing the most acute angle of the aorta. The
aortic arch gives rise to the great vessels on the superior margin.

The thoracic descending aorta begins at the level of the ligamentum arteriosum and
ends where the aorta penetrates the diaphragm and becomes the abdominal aorta (figures
5.2 and 5.3). The thoracic descending aorta changes its position in relation to the
esophagus as it extends longitudinally. The descending thoracic subdivisions are loosely
defined by this relationship. The proximal descending aorta begins with the aortic
isthmus where the aorta is anterior to the esophagus in the chest. The mid-descending
aorta occurs at the mid-chest level with the aorta almost directly lateral to the esophagus.
The distal descending aorta ends at the level of the diaphragm, at which point it is
directly posterior to the esophagus.

Echocardiographic assessment of the aorta

The resolution of current TEE transducers depicts the thoracic aortic wall in two layers.
When examining the aorta it is often helpful to increase the frequency of the TEE probe,
if this option is available, to allow the best near field resolution. The intima and media are
combined as the inner layer and the adventia as the outer layer, represented as two rings
when visualized in short axis. The intima and media are smooth and are moderately
echogenic with the same echo consistency around the entire circumference of the aorta.
The adventia is the thickest, most echogenic layer and is less homogeneous. It often
blends into the adjacent chest structures. The size of the aorta may be determined by
measuring the intraluminal diameter in the horizontal planes in the anterior—posterior or
right—left direction and in the longitudinal planes in the anterior—posterior or a superior—
inferior direction (figures 5.5-5.8). The aorta should be circular in the horizontal planes
and there is a tapering in diameter in the longitudinal planes from the ascending to the
descending aorta. When the aorta dilates, it becomes more tortuous.

The largest portion of the thoracic aorta lies posterior to the heart and can only be
assessed by rotating the transesophageal probe within the esophagus a full 180 degrees in
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a clockwise or counterclockwise maneuver (the transducer facing directly posterior
towards the spine). It may be better to examine the aorta in two stages. First, the heart and
the ascending aorta are assessed with one pass of the probe and then the descending aorta,
aortic arch and great vessels are assessed in the second pass of the probe. We prefer to
assess the aorta in its entirety following the full examination of the heart, which enables a
systematic study of the heart and great vessels.

Figure 5.5 TEE normal cross-sectional
(a) and longitudinal views (b) of the
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descending aorta as would be obtained
at 0° and 90°, respectively. TEE
echocardiography allows good
visualization of the aortic walls with
the currently available technology.
Typically with 5-7 mHz transducers
two layers of the aorta are visualized.
The near field or anterior half of the
aorta is not as well visualized as the
posterior half of the aorta visualized in
the far field. Careful attention to the
transducer focal point may help
decrease this phenomenon. With
multiplane TEE the so-called blind
spot of the junction of the ascending
aorta and the arch is virtually
eliminated by providing more imaging
planes, however, pathology may be
missed in the near field. With
standardized imaging protocols, the
longitudinal views (b) exhibit the distal
portion of the aorta on the left of the
imaging display and the proximal
portion of the aorta on the right of the
image sector. This standard is
important when determining the level
of aortic pathology during
examination.
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Figure 5.6 Normal echocardiographic
anatomy of the aorta. This diagram
illustrates the normal relationship of
the aorta to the bronchus and
esophagus and demonstrates typical
echocardiographic images obtained
during routine imaging. It is often
helpful to construct a mental image of
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the echocardiographic images in this
fashion in order to describe best the
exact position and extent of aortic
pathology. Normal longitudinal images
of the aortic root (a) and arch (b).
Normal short-axis slices along the
entire descending aorta (c-h). Care
must be taken in defining the level of
the images obtained during the study in
order to describe the exact location of
the descending aorta, since the aorta
and esophagus shift in anatomical
position from the diaphragm to the
neck. Near the diaphragm the
transducer faces posterior directly
towards the spine, at the mid-chest
level the transducer the aorta and
esophagus lie side by side and with the
esophagus to the right of the aorta. In
the upper chest the esophagus is
directly posterior and to the right of the
descending aorta and the aortic arch.
Typically the aortic images are labeled
in reference to the probe depth
markings. In addition, note the position
of the aorta in reference to the spinal
and lung interface artifact. With slow
withdrawal of the probe the spine is
located to the left of the image sector
near the diaphragm and assumes a
central position in the mid-descending
aorta and moves to the right of the
image sector and is replaced by the
lung interface in the mid to upper
portion of the descending aorta. In the
horizontal planes the aorta should be
circular and tapers in diameter as
demonstrated from the ascending to
the descending aorta.
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Figure 5.7 Normal tomographic
echocardiographic longitudinal axis
projections of the ascending aorta
obtained from the deep transgastric
window. In addition to the
conventional upper esophageal views
for visualizing the ascending aorta and
arch, diagnostic, contiguous
longitudinal views (a—c) of the
ascending aorta and arch may be
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frequently obtained from the deep
transgastric views. With minor rotation
and manipulations of the probe
longitudinal sections of the aorta may
be demonstrated in multiple planes
depending on the tortuosity and
dimensions of the aorta. In addition the
origin of the great vessels may be seen.

Full assessment of the aorta requires technical skill in obtaining all the necessary
views of a TEE examination, especially in evaluating the distal ascending aorta and take-
off of the brachio-cephalic vessels.***® In the awake or sedated patient, the TEE probe is
often not well tolerated in the upper esophageal position, which is necessary to evaluate
the arch and great vessels. The echocardiographer must be careful not to allow the probe
to buckle at this level of the esophagus, which stimulates the gag reflex and provokes
coughing. For this reason it is best to perform this part of the examination last, and with
the least amount of manipulation of the probe to avoid termination of the study before all
necessary information is obtained. It may be necessary to administer more sedation to
patients in whom there is a high likelihood of pathology involving the aortic arch.

The esophagus and the descending aorta change positions in the chest in a twisting and
turning fashion which influences optimal imaging of the aorta (figure 5.6).

Figure 5.8 Normal tomographic
echocardiographic projections of the
ascending aorta. The ascending aorta
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may be imaged in entirety from 0° to
90° with multiplane TEE. The level of
the ascending aorta may be determined
according to the corresponding
structures in the imaging plane. At the
most superior position with the
transducer directed anteriorly in the
horizontal plane at 0° (a) the aorta is
visualized to the left of the image
sector with the main pulmonary artery
bifurcation to the right. The probe is
rotated counterclockwise to orient the
ascending aorta to the middle of the
sector (b). The aorta is draped in a
longitudinal section in the near field by
the right pulmonary artery with the
superior vena cava visualized in short
axis to the left and superior to the aorta
(c). Advancing the probe in the
esophagus further visualizes the
sinotubular junction (d) of the aorta
alongside of the superior vena cava
with the pulmonary artery being
replaced by superior cuts through the
left atrium at the top of the image
sector and right atrium to the left and
below the superior vena cava. The
right ventricular outflow tract is to the
right of the image. Rotating the
transducer to 90° provides a
longitudinal plane of the same level of
the aorta superior to the aortic valve
level. The left atrium is superior in the
image sector, with the right atrium
below and to the left and the right
pulmonary artery is visualized in
cross-section to the right of the left
atrium and superior to the aorta.
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In the lower esophageal view at approximately 45 cm from the incisors, the esophagus is
anterior to the descending aorta. At the mid-chest level, 30-35 cm from the incisors, the
aorta and esophagus lie side by side, with the esophagus to the right of the aorta. In the
upper chest at the level of the origin of the left subclavian artery, 15-20 cm from the
incisors, the esophagus is directly posterior and to the right of the descending aorta and
aortic arch. The echocardiographer must pay particular attention to this fact when
designating the aortic wall as anterior, posterior, medial, or lateral to identify the
orientation of aortic pathology, since the aortic wall segments change in position in the
ultrasound image when recorded from different levels. In the lower esophageal views the
anterior wall segment of the aorta will be shown in the superior aspect of the ultrasound
image closest to the transducer

Figure 5.9 Normal tomographic
echocardiographic longitudinal axis
projections of the ascending aortic
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root. Following horizontal imaging of
the ascending aorta and establishing
circumferential pathology, the
transducer can be rotated to 90° to
visualize representative longitudinal
cuts of the entire aortic root (a, b).
With further withdrawal of the probe
views of the superior portion of the
aorta towards the distal ascending and
proximal arch are visualized. One must
remember since a limited section is
provided with longitudinal cuts, fine
manipulation of the probe is necessary
to provide a full circumferential
evaluation of the aorta to visualize
pathology. It is therefore important to
evaluate fully with both horizontal and
longitudinal planes with multiplane
TEE to eliminate the so-called “blind
spot of the aorta”.

Figure 5.10 Normal tomographic
echocardiographic short axis
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projections of the aortic arch vessels.
Multiplane TEE is extremely
advantageous when evaluating the
great vessels and their origin from the
aortic arch. With fine manipulation of
the probe and rotation of the
transducer, the great vessels are
frequently demonstrated in the
horizontal images of the aortic arch.
Multiplane TEE is much better
tolerated by the patient in awake
studies than monoplane or biplane
examinations. (a) Innominate artery.
(b) Left carotid artery. (c) Subclavian
artery. (d) Descending aorta distal to
the ligamentum arteriosum. The
technique of visualizing the great
vessels starts as the probe is withdrawn
with a clockwise rotation until the
level of the left subclavian artery is
visualized to the left of the image
sector or the distal aortic arch
disappears from view. At this level a
greater portion of the subclavian artery
may be visualized by slight rotation of
the probe counterclockwise and
rotating the transducer from 0° to 45°.
With further rotation of the transducer
the carotid and innominate may also be
visualized.

artifact. In the upper esophageal views the aortic wall segments are reversed, with the
posterior wall segment of the aorta closest to the transducer artifact at the top of the
ultrasound image. When doing the examination it is therefore important to label the aortic
images with careful reference to the depth of the scope in the esophagus.

To begin the examination of the aorta, the TEE probe is inserted into the stomach. In
the deep transgastric view the whole ascending aorta and arch coursing around the
pulmonary artery may be visualized at a depth of field of 24 cm. With minor
manipulation (extreme anteflexion of the probe tip and rotating the transducer between 0
and 15 degrees) of the probe, the take-off of the innominate artery can be visualized
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(figure 5.7). To improve image quality it may be necessary to decrease the transducer
frequency and increase overall gains.

After obtaining the deep transgastric views of the aorta, a routine examination of the
heart is performed. With the TEE probe in the mid to upper esophageal position the aorta
is visualized near the base of the heart at approximately O degrees (figure 5.8). Slowly
withdrawing the probe provides horizontal short-axis planes through the

Figure 5.11 Normal tomographic
echocardiographic projection of the
aortic arch. The aortic arch may be
best visualized in representative
sections in longitudinal planes from
45° to 90° as the probe is withdrawn
and rotated after initially imaging the
ascending aorta or descending aorta.
(a) Distal ascending aorta. (b)
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Proximal arch and origin of the
innominate artery. (c) Proximal aortic
arch. (d) Distal arch. (e). Proximal
descending aorta. The technique for
visualizing the arch after initially
visualizing the descending aorta in
horizontal planes involves further slow
withdrawal and anterior rotation of the
probe with a slight degree of
anteflexion. As the transducer is
rotated to 90°, the aortic arch is
represented as an oval structure
running in a tangential fashion in the
image sector, with the distal arch to the
right and the proximal arch to the left
of the image. Further anterior rotation
of the probe visualizes the distal
ascending aorta and proximal arch
running in a more superior to inferior
orientation in the image. Frequently
the innominate artery is better
visualized (b) during withdrawal of the
probe facing directly anterior,
visualizing the ascending aorta in the
same manner the subclavian artery is
found by initially visualizing the
descending aorta with withdrawal of
the probe.

ascending aorta until the level of the right bronchus is reached. Depending on the position
and size of the aorta, anteflexion of the probe may be necessary to obtain true short axis
images. After obtaining the short axis images, the TEE probe is advanced back to the
level of the aortic valve plane and the TEE transducer is rotated through 90 to 120
degrees to obtain a longitudinal projection of the entire aortic root (figure 5.9). Minor
adjustment of the probe with right to left flexion may be required to provide the best
images, so as not to provide an oblique plane. In the longitudinal plane the whole
ascending aorta is usually visualized up to the level of the aortic arch.

Rotation of the TEE probe through 180 degrees, so that the transducer faces the
posterior aspect of the esophagus at a depth of field between 4-6 cm, enables
visualization of the descending thoracic aorta. At this depth, a detailed examination of the
aorta is obtained especially when there is aortic dilatation or aneurysm formation. The
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aorta is centered in the field of view and the probe is manipulated until the celiac aortic is
in view, emanating from the aorta to the right of the ultrasound image. The aorta appears
deeper in the image sector and is usually visualized 2cm from the apex of the echo sector.
The TEE probe is slowly withdrawn into the lower esophagus (45 cm) with the probe at 0
degrees. Imaging of the aorta is best at the higher frequency with decreased near-gain
setting to prevent artifactual shadowing. The aorta may be visualized with slight
manipulation of the controls in cross-section at 0 degrees and longitudinally by steering
the transducer to 90 degrees (figure 5.5). In the horizontal planes the aorta appears
circular, and in longitudinal planes, the aorta appears as a parallel-sided tube with the
proximal segment to the right and the distal segment to the left. There is usually no
advantage to visualizing the descending aorta in additional planes, except when
attempting to identify the site of re-entry intimal tears that occur in dissection,
atheromatous ulcers, and debris. The probe is continuously withdrawn in the esophagus
in 3-5 cm increments, with slight rotation of the probe in a clockwise manner to keep the
aorta central in the ultrasound image (figure 5.6). The spinal column artefact often helps
to determine the level of the aortic segment since it is only visible in the distal thoracic
aorta and is lost when the aorta lies alongside the esophagus. In the mid segment of the
aorta the spinal column artefact appears in the distal field of view by lung. It is useful to
annotate the ultrasound screen with the probe depth or to use the equipment microphone
to record the probe depth. The probe is withdrawn with a clockwise rotation until the
level of the left subclavian take-off is visualized to the left of the ultrasound image, or the
distal aortic arch disappears from view. At this level, a greater portion of the subclavian
artery may be visualized by slight rotation of the probe counterclockwise and rotating the
transducer from 0 to 45 degrees (figure 5.10). With slightly further rotation of the
transducer probe the other two brachiocephalic vessels are usually visualized. The left
common carotid artery can be imaged taking origin proximal to the subclavian, by
rotating the transducer by 10-30 degrees further than required to visualize the subclavian
artery. The innominate artery may be visualized proximal to the origin of the left carotid
artery by clockwise rotation beyond the neutral position. The innominate artery is the
most difficult artery to visualize, since it lies in the plane in which the right bronchus
crosses in between the esophagus and aorta—the so-called blindspot—and is usually only
visualized in 40% of all cases, even in the most experienced hands. The aortic arch is
seen when the transducer is rotated a full 90 degrees, as an oval structure running in a
tangential fashion in the ultrasound image, with the distal arch to the right and the
proximal arch to the left of the image (figure 5.11). Further anterior rotation of the probe
visualizes the distal ascending aorta and proximal arch running in a more superior to
inferior orientation in the ultrasound image.

Aortic disease

It is extremely important when describing aortic disease to have a clear understanding of
the accepted terms used in describing aortic pathology. This is important for three
reasons; first, TEE has become the procedure of choice and frequently the only method
used for diagnosing aortic disease emergently to direct treatment in many institutions.
Second, TEE images of the aorta are frequently compared with CT scans, MRI, contrast
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aortograms, or direct surgical visualization, so that a consistent set of terms are necessary
for accurate understanding and communication of pathological findings obtained by these
different diagnostic imaging methods. Third, different aortic pathologies may be visually
similar or indistinguishable by cursory examination of TEE images, which may give an
inaccurate diagnosis.

Aortic diseases may be attributable to congenital disease, genetic connective tissue
disorders, arteriosclerotic disease, and inflammatory processes involving the aorta.
Frequently the type of aortic disease has a predilection for a particular aortic segment, as
described in table 5.3. Diseases of the aorta may result in complete occlusion or
compromise of the aortic lumen or aneurysmal dilatation. Whether there is occlusive or
aneurysmal aortic disease, distal embolization of atherosclerotic debris or thrombus
frequently occurs. The most devastating consequences of occlusive aortic disease and
aortic aneurysm are complete occlusion of the aorta and rupture of the diseased aortic
segment, respectively.

Aortic aneurysm

Aneurysms of the aorta may exist as an isolated entity or occur in association with other
aortic pathologies.”? An aneurysm of the aorta is present when there is an increase in
the intraluminal diameter of the aorta above the normal 95% confidence limits, after
correction for patient age and body habitus (figure 5.12).°*° “Aortic aneurysm” is defined
pathologically as a twofold increase of the transverse diameter of the aorta compared
with the normal aortic segment. In addition to an enlarged diameter, the aorta also
increases in length in the diseased segment producing distortion, unfolding, and tortuosity
of the affected and distal segments. Before imaging methods were available, thoracic
aortic aneurysms usually remained undiagnosed until presenting with significant
enlargement. With the advent of better imaging methods such as TEE, aortic aneurysmal
disease is better appreciated and is more frequently diagnosed earlier in its course. As
discussed above, the normal aorta is tubular and gradually tapers as it progresses distally,
away from the sinotubular junction. The normal dimensions of the aorta have been
described pathologically and differ according to body size, age, and sex. Subtle
dilatations of the aorta are easily recognized with TEE, in sharp contrast to normal aortic
segments, because serial tomographic slices of the entire thoracic aorta can be obtained.
In patients with diffuse aortic dilatation, the aortic dimensions should be compared with
the size of the pulmonary artery or dimensions of the cardiac chambers, which together
with body habitus serve as a reference for appropriate aortic sizing.
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Figure 5.12 Photograph taken during
surgical exposure demonstrating an
ascending aortic aneurysm. Typical
appearance of annuloaortic ectasia in a
patient with Marfan’s syndrome
usually associated with significant
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aortic regurgitation secondary to
annular dilatation of the aortic valve.
Ascending aortic aneurysm is one of
the most frequent manifestations with
Marfan’s syndrome and leads to
progressive dilatation with eventual
rupture or dissection. An aortic
aneurysm is defined pathologically as
a two-fold increase of the transverse
diameter of the aorta compared to the
normal aortic segment producing
distortion, unfolding and tortuosity of
the affected and distal segments.

Aortic aneurysms are classified according to their location, etiology, and gross
appearance. Aortic aneurysms may occur in any segment of the thoracic aorta. Location
of aortic aneurysms is by the segment of aortic involvement; annulus, sinus, ascending,
arch, and/or descending thoracic aorta. The etiology of the aneurysm is based on the
specific nature of vascular damage that leads to the aneurysmal dilatation.
Avrteriosclerotic, inflammatory (aortitis), dissecting (cystic medial necrosis), and
traumatic processes are the most common causes. The etiology of aortic aneurysm may
frequently be deduced from the pathology detected by TEE. Irrespective of the cause of
an aneurysm, damage occurs in the aortic tunica media layer, which results in weakening
and dilatation of the aortic wall. The shape and size of the aneurysmal segment describe
the gross appearance of aortic aneurysms. Thoracic aortic aneurysms may be saccular,
fusiform, or cylindroid in shape and appearance.

Saccular aneurysms are spherical protrusions or out-pouching of the aorta, which
narrow to varying degrees to connect to the true lumen of the tubular aorta. Saccular
aneurysms are often partially or completely filled with laminated thrombus. If a saccular
aneurysm is filled with thrombus, contrast aortography may not fill the aneurysmal sac
and therefore it will not be diagnosed. With transesophageal echocardiography and
careful inspection of the aorta, saccular aneurysms may be identified with two-
dimensional imaging and color flow Doppler. Usually, a spherical protrusion is identified
in close proximity to the aorta, and with minor manipulations of the probe the neck of the
aneurysmal sac may be identified and color flow Doppler may show low velocity flow
within the aneurysm. If the aneurysm has contained thrombus, this is easily identified by
the difference in echocardiographic texture between the thrombus and the aortic wall.
Additionally, color flow Doppler usually delineates the interface between blood and
thrombus.
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Table 5.3 Aortic syndromes — site of involvement

(%)

Aortic syndrome Ascending Arch Descending
Classic dissection 75 10-19 25
Intramural hematoma 48 8 44
Penetrating aortic ulcer 5 95
Atherosclerosis 10-30 70 30
Aortic aneurysm 51 11 38
Aortitis 15 15
Transection 23 8 13
Isthmus 45

Fusiform aneurysms of the thoracic aorta are illustrated by a gradual, progressive
symmetric dilatation of the aortic lumen. The lumen of the aneurysmal segment is in
direct continuity with the true lumen of the normal aortic segments. In longitudinal
visualization of the aorta a fusiform aneurysm will give a spindle appearance to the aortic
lumen. Dilatations of the aortic lumen in fusiform aneurysms are frequently eccentric,
involving one wall of the aorta more than the other. In short-axis imaging of the aorta, the
circular shape of the aorta will be distorted. Fusiform aneurysms of the thoracic aorta
vary in size and length and may involve the entire thoracic aorta. When fusiform
aneurysms extend over a considerable length they may lose their tapered appearance and
appear more cylindrical. These have been termed cylindroid aneurysms concordant with
the pathological descriptions. Fusiform aneurysms, which are similar to saccular aortic
aneurysms, are frequently lined with mural thrombus.

The incidence of thoracic aortic aneurysms is 5.9 per 100,000 population per year as
reported by Bickerstaff in Rochester, Minnesota.'® In that study, aneurysms occurred in
the ascending aorta in 51%, the aortic arch in 11% and the descending aorta in 38% of
patients. By contrast to the incidence of abdominal aortic aneurysms, thoracic aneurysms
have not shown a decline in incidence. The growth rate of thoracic aneurysms appears to
be faster than that of abdominal aneurysms, with an overall rate of 0.42 cm/year for the
entire thoracic aorta and up to 0.56 cm/year in aneurysms involving the aortic arch (table
5.4). This explains in part why thoracic aneurysms have a greater rate of rupture than
abdominal aortic aneurysms. Bickerstaff reported that rupture occurred in 74% of patients
with thoracic aortic aneurysms. Current recom mendations for prophylactic aortic surgery
of the thoracic aorta irrespective of signs include aortic dilatation exceeding twice the
size of the normal aorta, aortic diameter greater than 5 cm, and rapidly dilating
aneurysms on serial follow-up studies.”** Since the highest rate of rupture is shown in
Marfan syndrome, many surgeons advocate surgical repair/replacement when the aortic
dimension reaches 4.7-5 cm in diameter.?®
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Table 5.4 Aortic measurements and definitions

Average rate of growth of the aorta (diameter) = 2 mm per year

Adults
Aortic root diameter/height = —45.9 + 0.493 height (cm) — 0.001 x 2
Aortic root diameter/BSA = -1.915 + 3.826 BSA -0.704 x 2

Growing children
Aortic root diameter = 24 (BSA m?)®+ 0.1 (age) — 4.3 or = 11.8 (weight kg)°®?** + 0.1 (age) —
4.3

Diagnosis of aortic aneurysm

Aneurysm of the aorta is present when there is an increase in the intraluminal diameter of the
aorta above the normal 95% confidence limits, after correction for patient age and body
habitus

Indications for aneurysm resection
Aortic growth rate greater than 5-7 mm
Asymptomatic aneurysms 2 x the normal aortic diameter or aneurysms exceeding 4.7-5 cm

Marfan syndrome

Marfan syndrome is an inherited, autosomal dominant disorder of connective tissues,
with a predilection for the heart and blood vessels, particularly the aorta. The eyes, bones,
and joints are also affected and account for the musculoskeletal and
ophthamalogicalfindings that comprise the full syndrome. Cardiovascular abnormalities
are the most frequent cause of death in Marfan syndrome, which usually occurs
prematurely. In a study by Murdoch et al.?” on Marfan syndrome, the cause of death was
cardiovascular in 93% of cases with an average age at death of 32 years. Ascending aortic
aneurysm is one of the most frequent manifestations and leads to progressive dilatation
with eventual rupture or dissection. The prevalence of Marfan syndrome is 4 to 6 per
3}000,000 people, with a higher prevalence in the Chinese population of 17 per 100,000.%

Table 5.5 Diagnosis of Marfan syndrome: Berlin
Nosology,1986

Diagnostic manifestations Abdominal aortic aneurysm
Skeletal Dysrhythmia
Anterior chest deformity, Endocarditis

especially asymmetric pectus
excavatum/carinatum

Dolichostenomelia not due to Pulmonary
scoliosis
Arachnodactyly Spontaneous pneumothorax

Vertebral column deformity Apical bleb
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Scoliosis

Thoracic lordosis or reduced
thoracic kyphosis

Skin and integument

Tall stature, especially compared to Striae distensae

unaffected 1° relatives

High, narrowly arched palate and
dental crowding

Protrusio acetabulae

Abnormal appendicular joint
mobility

Congenital flexion contractures
Hypermobility

Ocular

Ectopia lentis*

Flat cornea

Elongated globe

Retinal detachment

Myopia
Cardiovascular

Dilatation of the ascending aorta*
Aortic dissection*
Aortic regurgitation

Mitral regurgitation due to mitral
valve prolapse

Calcification of the mitral annulus

Mitral valve prolapse
*denotes major criteria

Inguinal hernia

Other hernia (umbilical, diaphragmatic, incisional)
Central nervous system

Dural ectasia*

Lumbosacral meningocele

Dilated cisterna magna

Learning disability (verbal-performance discrepancy)
Hyperactivity with or without attention-deficit disorder
Requirements for diagnosis

In the absence of an unequivocally affected 1° relative:
Involvement of the skeleton and at least two other systems; at
least one major manifestation

In the presence of at least one unequivocally affected 1°
relative: Involvement of at least two systems; at least one
major manifestation preferred, but this will depend somewhat
on the family’s phenotype

Urine aminoacid analysis in the absence of pyridoxine
supplementation confirms absence of homocystinuria

Beighton P, de Paepe A, Danks D, et al. International nosology of heritable disorders of connective
tissue, Berlin, 1986. Am J Med Gen 1988;29:581-94.

Histology of the aorta in Marfan syndrome usually illustrates marked medial
degeneration of elastic tissue with some degree of medial necrosis of the smooth muscle
cells, often referred to as cystic medial necrosis. The replacement of elastic fibers with
mucoid material in the aortic wall predisposes the aorta to stiffness or a loss of the normal
distensibility, leading to a weakened aortic wall that dilates in response to sheer
hemodynamic forces. The ascending aorta is most affected owing to its higher content of
elastic tissue in comparison to more distal segments of the aorta.
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The diagnosis of Marfan syndrome is based on clinical findings, classified into major
and minor manifestations, by McKusick and Pyeritz?*% (table 5.5). The four major
criteria are ocular, musculoskeletal deformities, a family history of Marfan syndrome,
and cardiovascular abnormalities. In patients with a family history of at least one primary
relative with Marfan syndrome, diagnosis requires two body systems to be affected with
at least one major manifestation. In about 25% of patients who are without a first degree
relative with the syndrome, musculoskeletal system involvement with at least two other
systems involved (at least one major manifestation) is required to establish the clinical
diagnosis of Marfan syndrome. Recently haplotype-segregration analysis has become
available, which may be helpful to diagnose clinically challenging patients and to screen
first-degree relatives of probands.

The spectrum of cardiovascular manifestations in Marfan syndrome was summarized
by Roberts and Honig,* who studied 18 necropsy patients from the National Heart, Lung
and Blood Institute (NHLBI) and 151 necropsy cases previously reported. In necropsy
studies they were able to classify the cardiovascular manifestations into three
predominate groups based on their findings: (1) fusiform ascending aneurysm, (2) aortic
dissection, and (3) isolated mitral regurgitation. In our experience, use of this
classification has greatly assisted in the interpretation of transthoracic and
transesophageal echocardiograms in Marfan syndrome by presenting the many
manifestations of this complex disease in a logical order.

Group |: Fusiform ascending aneurysm

In patients with fusiform ascending aneurysm roughly 95% showed aortic valve
incompetence caused by annular dilatation.® The aneurysm showed annuloaortic ectasia
or involvement of the sinus and proximal tubular aorta, with progression to the aortic
arch in a few cases. Mitral regurgitation and/or chest pain was present in roughly 50% of
patients by clinical history. Five of 13 cases from the NHLBI group had small healed
tears of the intimal lining of the aorta, probably representing healed dissection or partial
rupture. The principal causes of death were congestive heart failure, aortic rupture, or
death following cardiovascular surgery. Two patients also had descending thoracic
fusiform aneurysms. Aortic valves were all tricuspid with mild marginal rolling of the
cusps and stretching at the commissures due to annular dilatation. Histologically the
aortic cusps had increased amounts of acid mucopolysaccharide material. The mitral
valves in this group showed varying degrees of mitral valve prolapse, annular dilatation
and mitral annular calcification. Histologically, the mitral leaflets were similar to the
aortic valves.

These findings are consistent with those reported by Roman et al.” who showed
generalized ascending aortic dilatation in 58% of male patients. Ascending aortic
aneurysm favored male patients and grew more rapidly (0.11 mm/year) than in females,
with 19% of all aortic complications occurring within 49 months of initial diagnosis or
follow-up.

Of note, in the NHLBI group these patients did not develop dissection, rather they
experienced aortic rupture. The authors postulated that the deposition of collagen and
mucoid material, replacing the elastic fibers of the media, prevents longitudinal aortic
dissection.

|34
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Group Il: Aortic dissection

One of the most striking features of the NHLBI cases of aortic dissection was that
dissection occurred in apparently normal and nondilated aortas, and the dilatation of the
aorta that was observed at necropsy was attributable to the dissection pathology. To
corroborate these findings, there was no prior clinical history of aneurysm, aortic or
mitral insufficiency, or congestive heart failure, and patients were reported free of
symptoms until the appearance of chest pain heralding the aortic dissection. A few cases
did have a history of systemic hypertension. At necropsy, the dissection process
frequently affected the entire aorta and extended to the iliac arteries. Histological
examination of the aorta failed to show the typical findings of cystic medial necrosis that
accompanies normal aortic dimensions. Severe aortic insufficiency was due to dissection,
and the mitral and tricuspid valves were normal except for annular dilatation. Svennson et
al.* have also reported that aortic dissection in these patients may be painless and without
hemodynamic compromise. In addition, there appears to be a sub-group of families with
Marfan syndrome who express a predilection for dissection.

By contrast to other reports, aortic dissection in the NHLBI study occurred in
undilated aortas. In review of many of these studies, if aortic dilatation is present it does
not appear to be as significant as that found with fusiform ascending aortas—as in group
| patients—and many reports describe normal aortas histologically. Svennson et al.*
have also suggested that patients with sinus of Valsalva dilatation only appear to be less
prone to dissection and the rate of further dilatation is less than in fusiform aneurysms.

Group Il1: Isolated mitral regurgitation

Cases with isolated mitral regurgitation showed severe mitral regurgitation secondary to
marked mitral valve prolapse with floppy leaflets, elongated chordae tendinae, ruptured
chords, and annular calcification. Annular dilatation was more marked than those in the
aortic dissection group. In all patients the aorta and aortic valves were normal. Clinical
findings before death were consistent with chronic congestive heart failure, and a few
patients showed findings of previous endocarditis.

These findings are further substantiated by echocardiography studies of Marfan
syndrome by Spangler et al.*® who found mitral valve abnormalities in 62% of patients,
and by Pyeritz and McKusick,”® who found mitral valve prolapse in 58% as an isolated
incident or in combination with the other manifestations of Marfan syndrome. In addition
mitral valve abnormalities have been described in Marfan patients before 1 year of age,*
whereas aortic aneurysm and dissection are usually described initially later in life.
Edwards and others®**2 have suggested that patients with mitral valve prolapse are prone
to sudden death, which may be related to malignant arrhythmias.

Management

The successful management of the cardiovascular manifestations of Marfan syndrome
remains surgical correction.*” Medical therapy with beta-blockers has been shown to slow
the rate of aneurysmal dilatation, probably as a result of decreasing the dP/dt in the aorta,
producing a negative inotropic effect and controlling blood pressure in certain
individuals. However, these results are self-limited.®*3%*
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Indications for surgery in Marfan syndrome patients vary according to the
aggressiveness of the institution, and in our experience are usually directly proportional
to the overall experience and the comfort level of the institution for patients with Marfan
syndrome. Dissection and aneurysmal rupture of the aorta require immediate surgical
repair. With the advent of mitral and aortic reparative procedures, surgery is generally
performed when symptoms dictate or at the first signs of left ventricular dysfunction.
Most reports suggest reparative aortic surgery with aortic dilatation greater than 5 cm in
diameter.*>*® Other factors may also be considered, however, especially since excellent
surgical survival rates have been reported with aortic valve conduit grafts. Rapidly
expanding aortic aneurysms greater than 5-7 mm or more per year, or aortic aneurysm
dilatation greater than 4.5 cm in childbearing females, should be considered for early
surgery due to the higher rupture and dissection rate in these individuals.*

Patients with Marfan syndrome in our institution are followed with echocardiography
6 months after initial presentation or diagnosis, and then every 6 months to 1 year or as
dictated by clinical findings or symptoms.

Bicuspid aortic valve and aneurysm

Bicuspid aortic valves are frequently associated with proximal aortic aneurysms and with
an increased incidence of fatal aortic dissection in younger and middle-aged patients. The
true incidence of aortic aneurysm in patients with bicuspid valve is unknown, since the
presence of aortic aneurysm may be independent of the severity of valvular
hemodynamics of stenosis or regurgitation. Aortic aneurysm has frequently been
diagnosed as post-stenotic dilatation, especially when the proximal aorta has not been
adequately visualized. In a necropsy review of aortic dissection by Larsen and Edwards,*
bicuspid aortic valve was seen more frequently (6%) in aortic dissection than in the
general population, and was associated more frequently with dissection than tricuspid
aortic valves (0.7%).

Patients with both bicuspid aortic valve and coarctation of the aorta may be at added
risk for aortic dissection. Abbot et al.*’ reported a 23% incidence of bicuspid aortic valve
at necropsy in 200 cases of aortic coarctation. Aortic dissection occurred in 37% of cases
with bicuspid aortic valve. Bicuspid aortic valve appears to be an independent risk factor
for dissection; however, aortic dissection has been observed after surgical repair of aortic
coarctation, with or without valve replacement.

A few studies**® have suggested that there is a primary abnormality of the aortic root
in patients with bicuspid aortic valves. In patients with tricuspid and bicuspid valves
studied with echocardiography, Hahn et al.*® showed that aortic root dimensions were
larger in patients with bicuspid valves irrespective of the presence of stenosis or
regurgitation. Histological sections of aortic tissue after dissection have illustrated cystic
medial necrosis, similar to that in Marfan syndrome. It has also been noted that
progression of aortic root dilatation and dissection may still occur after valve
replacement. This is in contradistinction to the post-stenotic dilatation that occurs with
tricuspid aortic stenosis, and supports a primary pathology of the aortic root.

Despite the similarities between aortic aneurysm associated with bicuspid aortic valve
and Marfan syndrome, the natural history of aneurysm in the setting of bicuspid aortic
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valve has not been well studied. Despite the prevalence of bicuspid valve in post-mortem
studies of dissection, the incidence of dissection is low in a condition with a 1%
incidence in the general population.®® Until further studies are done, patients that have
known aortic root enlargement and a bicuspid aortic valve should be followed closely
with echocardiographic surveillance before and after valve replacement, and patients at
greatest risk may warrant consideration for a combined valveroot replacement.*
Additionally, patients with bicuspid aortic valve and aortic root enlargement should be
carefully assessed for bicuspid pulmonary valve and dilation of the main pulmonary
artery.

Pregnancy

The diagnosis of aortic aneurysm is extremely important in women of childbearing age,
in whom aneurysms or aortic root dilatation are frequently overlooked on
echocardiography because aortic dimensions are often not corrected for body habitus.
Pregnancy in patients with aortic aneurysm, especially those with Marfan or Ehlers—
Danlos syndrome, poses a significant risk of aortic rupture and as such is an important
management problem. These patients require close echocardiographic surveillance and
may necessitate early intervention due to the high rate of dissection and spontaneous
rupture that occurs during pregnancy. In women under 40 years old, 50% of all aortic
dissection or rupture occurs during pregnancy.®*>* The abrupt changes in hemodynamics
associated with shifts in hormones during pregnancy, as well as the direct weakening
affect on the aortic wall of increased relaxin levels, may lead to aortic complications,
irrespective of the presence of aortic valvular disease. Patients are predominately
susceptible to aortic complications during the third trimester of pregnancy, during labor
and delivery,™™ and for 6-8 weeks after delivery. Dissection of the proximal aorta
occurs most frequently and is usually associated with some degree of aortic
insufficiency.®* Without adequate prenatal follow-up, dissection during pregnancy
carries a poor prognosis, with rupture of the diseased aortic segment occurring in about
71% of patients, producing significant maternal mortality.®®

Most recently, reports in the literature have described the clinical management and the
surgical repair of the dissected aorta in pregnancy.>*®*® Successful management in
patients that dissect or rupture late in pregnancy requires immediate cesarean section
followed by aortic repair. Rapid diagnosis and accurate assessments of the degree of
aortic involvement are extremely important and frequently depend on TEE imaging. TEE
imaging is usually the diagnostic method of choice since it may be done at the bedside,
and it avoids delay caused by transfer of unstable patients to other areas of the hospital.
TEE imaging is also essential for patient monitoring during the surgery and helps in
optimal anesthetic management especially with the use of uterotonic drugs. Surgical
techniques for repair of dissection or rupture during pregnancy do not differ from those
for dissection in non-pregnant patients, and the precise identification of the site of intimal
tear is extremely important. A proximal dissection, with aortic insufficiency, pericardial
or pleural effusion, mediastinal hematoma or great vessel compromise, as identified by
TEE, poses the most immediate risk to the patient. Patients that present with distal
thoracic dissections may be treated conservatively unless signs and symptoms of
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imminent rupture or vital organ compromise are evident, or as long as hypertension can
be adequately controlled.

The management of pregnancy in patients with preexistent aortic disease poses
another problem, especially if the mother wishes to maintain the pregnancy. In patients
with Marfan syndrome, counseling is usually advisable prior to pregnancy. Patients
should be informed of the increased risk of aortic rupture or dissection, especially when
there is aortic dilatation greater than 4 cm, as well as the possibility of passing on the
dominant gene to 50% of their offspring.®’ Previous reports suggesting excessive
morbidity and mortality during pregnancy in Marfan syndrome have been refuted by
Rossiter et al,®” who reported that pregnancy is not prohibitive in patients who show
minor cardiovascular involvement. Pyeritz** has proposed that women with minor
cardiovascular involvement and aortic root diameter of less than 4 cm should be advised
of the relatively small risk of dissection in comparison to normal women without Marfan
syndrome, after retrospective observations in patients who completed pregnancy. Further
larger prospective studies need to be done in childbearing females with Marfan syndrome
before definitive recommendations are adopted.

Elective surgical repair of aortic disease including aortic-root replacement should be
avoided whenever possible during pregnancy, due to placental dysfunction and fetal
compromise precipitated by cardiopulmonary bypass. Becker®® has described a 27%
abortion rate in pregnant patients undergoing cardiac surgical procedures. In patients with
aortic aneurysms, especially those with Marfan syndrome, serial echocardiography
should be done throughout pregnancy to afford the greatest opportunity for a successful
and uncomplicated delivery. In our institution, transthoracic echocardiograms are done
every 4-6 weeks or as dictated by clinical signs and symptoms to observe aortic luminal
and wall dimensions, corrected for body surface area. TEE is often done initially to serve
as a baseline, especially if transthoracic images are not adequate. Pregnant patients who
show worsening of any cardiac valvular and/or aortic lesions that are life-threatening
should have them repaired before the third trimester.**°

Sinus of Valsalva aneurysm

Aneurysm of the sinuses of Valsalva may occur on a congenital or acquired basis.
Congenital sinus of Valsalva aneurysm is discussed in the chapter on congenital heart
disease. Acquired aneurysms of the aortic sinus of Valsalva are caused by cystic medial
necrosis similar to Marfan syndrome, endocarditis, atherosclerosis, aortitis, and
trauma.”®"® Acquired aneurysms of the sinuses of Valsalva differ from congenital
aneurysms in that they are often associated with dilatation of the ascending aorta, involve
more than one sinus, and may protrude or rupture outside the heart into the pericardium.
Sinus of Valsalva aneurysms are best appreciated echocardiographically in horizontal or
short-axis views of the aortic valve plane, using the other cusps as reference points
against enlargement and protrusion. TEE is especially useful when transthoracic images
are not diagnostic. Color Doppler findings are optimal with multiplane TEE, which
allows for better identification of rupture sites into the cardiac chambers—a frequent
complication of endocarditis. Surgical intervention is usually dictated by associated aortic
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abnormalities, aortic valve endocarditis, or when rupture causes significant hemodynamic
compromise.’*"®

Atherosclerotic aneurysms

Aneurysm formation in the aorta resulting from athero-sclerosis is a degenerative disease
process, which occurs in part with increasing age. Atherosclerotic aneurysms most
commonly occur in the abdominal aorta; however, they also occur in the thoracic aorta
and are usually fusiform. Atherosclerotic aneurysms typically occur in the presence of
severe atherosclerotic disease, although the involvement of the aorta may be localized.
Atherosclerotic lesions may not be detected in direct proximity to the aneurysm;
however, histologically atheroma extends into the media to cause destruction of the
fibromuscular and elastic support layer of the aorta. Atheromatous ulcers are often
observed within the aneurysm and may be covered by mural thrombus. The natural
history of atherosclerotic aneurysms is that they continue to enlarge until they rupture and
distal thromboembolic events are common.

Dissecting aneurysms

Acute aortic dissection is a life-threatening emergency that requires a rapid clinical
assessment and an immediate diagnosis to enable timely and appropriate medical and
surgical treatments. Classical aortic dissection shares many similarities and may easily be
confused clinically and diagnostically with the variants of aortic dissection, which
include intramural hematoma, penetrating atherosclerotic (ulcerative) plaques, and
contained aortic rupture. Therefore, it is extremely important that the echocardiographer
has a clear and thorough understanding of the pathology of aortic dissection in order to
make an accurate diagnosis and convey complete information to the clinician or surgeon
involved in the patient’s treatment.

In classical aortic dissection there are two parallel flow channels.” The dissection of
the aortic wall begins when a tear occurs in the intimal layer and extends into the middle
layer of the media (figure 5.13).2°%! The second channel or false lumen is formed from
the cleavage of the medial muscle layers splitting the media in a longitudinal fashion by
the flow of blood entering into the intimal tear. The location of the false channel is
situated towards the outer half of the aortic media, leaving a thinner aortic wall of the
false channel in comparison with the inner wall. The intimal flap is usually thicker and
stronger than the outer wall, and the subsequent necrosis of the thinner outer wall may
provide an explanation for aortic rupture in the setting of dissection.”*®? The false lumen
migrates distally (antegrade dissection) and re-emerges in the true lumen through one or
several re-entry sites or tears. Re-entry usually occurs at the sites of arteriosclerotic
plagues or major arterial side branches as they are split from the true
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Figure 5.13 Artist’s rendition of a typical aortic
dissection. Entry and re-entry defects of an intimal
medial flap associated with a type A aortic dissection
producing two parallel communicating flow channels
or a “double barrel aorta”. The dissection of the aortic
wall begins when a tear (entry site) occurs in the
intimal layer and extends into the middle layer of the
media. The second channel or false lumen is formed
from the cleavage of the medial muscle layers splitting
the media in a longitudinal fashion by the flow of blood
entering via the entry site. The location of the false
channel is situated towards the outer half of the aortic
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media. The false lumen migrates distally and re-
emerges in the true lumen during the dissection
process. The false lumen may end abruptly at the last
re-entry site or may extend distally to end in a blind
pouch.

17

Figure 5.14 Classifications of aortic
dissection. Aortic dissection may be
classified according to the DeBakey or
the Stanford classifications. DeBakey
type | (a) involves dissection
originating in the proximal aorta,
which usually extends throughout the
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entire aorta. DeBakey type Il (b) aortic
dissections involve, and are limited to,
the ascending aorta only. DeBakey
type Illa dissections (c) are limited to
the descending aorta with type I11b
dissections involving the descending
aorta extending beyond the diaphragm
into the abdominal aorta.

The Stanford Type A dissection (a, b)
involves the ascending aorta,
regardless of the entry site, and the
extent of the distal aortic involvement.
Type B dissections (c) usually involve
only the distal or descending thoracic
aorta.

DeBakey classification is based on the
operative difficulty and the rates of
risk for perioperative complications
that occur in different contiguous
aortic segments. The Stanford
classification is more useful for
emphasizing the prognosis of the
location of the dissection.

lumen during the process of dissection. Thus, the hallmark of aortic dissection that
distinguishes it from the variants of dissection is the presence of two parallel
communicating flow channels. The false lumen may end abruptly at the last re-entry site
or may extend a short distance to end in a blind pouch.”® The extent of the dissection
varies and it is not uncommon that the entire aorta is involved. Dissection is rarely
limited to the ascending aorta and has only been observed in our experience in the earliest
stages of the dissection process when initially assessed. By the time the patient is in
surgery the dissection has extended. Dissections may stop anywhere along the aorta due
to fibrotic areas in the media, aneurysms, or significant arteriosclerotic plaques.®* There is
frequently retrograde dissection from the origin of the intimal tear, which usually extends
in a blind pouch or may extend further by traversing the full extent of the ascending aorta
to end at the sinotubular junction or in the pericardium. The segment of the aortic wall
that has been separated by the dissection process, and hence separates the true from false
lumen, is referred to as an intimal flap. The term “intimal flap” has led to much confusion
in the understanding of aortic dissection pathology, since the predominate layer of the
aorta involved and destroyed with dissection is the media and not the intima. Because the
aortic media and the outer layers—rather than the intima—split, the aortic wall weakens
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and expands due to the transmural pressure necrosis to the point where it may rupture.
Rupture accounts for the major mortality associated with dissection.” When rupture does
not ensue, flow usually continues in the false lumen, and eventually some degree of
endothelialization and fibrosis occurs in the false lumen to produce a double-barrel aorta.
It is rare that the false channel thromboses and completely obliterates. The weakening of
the outer aortic walls, even without frank rupture, allows the diapedesis of blood through
the aortic wall and results in bloody pericardial or pleural effusions and adventitial
hematomas, sometimes referred to as a leaking aneurysm.

Several reports®*®" have described aortic dissection in stages, alluding to the prognosis
and the pathological processes involved in the dissection process when the patient
survives the acute event. The acute stage of dissection occurs between day 1 and day 14,
and is the time period when aortic tissue is most friable. The subacute stage occurs
between 14-60 days. The chronic stage occurs after the first two months and firm
scarring of the outer aortic wall develops during this stage. Theoretically, fibrosis of the
outer aortic wall occurs after the 6th week, which is the best time for surgical intervention
when this is not done during the acute stage.

Aortic dissection may be classified according to the DeBakey®**®’ or the Stanford
(Dailey)® classifications (figure 5.14). The DeBakey classification of aortic dissection is
based on the operative difficulty and on the rates of risk for perioperative neurological
and other complications that occur in different segments of the aorta. DeBakey type |
involves dissection originating in the proximal aorta, which usually extends throughout
the entire aorta. Type Il aortic dissections involve, and are limited to, the ascending aorta
only. Type llla dissections are limited to the descending aorta, with type Il1b dissections
involving the descending aorta extending beyond the diaphragm into the abdominal aorta
(thoracoabdominal dissections).

The Stanford classification® was developed to emphasize the prognosis of the location
of dissection. Type A dissection involves the ascending aorta, regardless of the entry site,
and the extent of distal aortic involvement. Type B dissections usually involve only the
distal or descending thoracic aorta. With this classification all type A dissections require
emergent diagnosis and surgical intervention since ascending aortic dissections carry the
highest mortality, whereas type B dissections can usually be managed by either medical
or surgical treatment since they may not be as life-threatening.
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Figure 5.15 Typical example of the
course of an aortic dissection. The
normal aorta is a tubular structure,
which twists and turns in the thoracic
cavity during development. Therefore
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it may be difficult to identify properly
the true and false lumens in dissection,
which has led to the idea that
dissections tend to occur in random
patterns. With most aortic dissections
the false lumen tends to follow a
typical coarse from origin to ending.
The location of the false channel is
situated towards the outer half of the
aortic media with the origin close to
the right coronary artery. As the false
lumen extends around the aortic arch it
usually involves the great vessels,
followed by the left intercostal arteries
as it extends through the descending
aorta and continues on a leftward path
through the left renal artery. To label
correctly the true and false lumen it is
extremely important to have a full
appreciation for the level the aortic
images were obtained which may be
aided by reconstructing the
echocardiographic images as in Figure
5.6.115
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Figure 5.16 Typical entry sites of
aortic dissection. Intimal entry sites
that occur with aortic dissection
typically occur near the aortic “stress
points” which are probably caused by
the natural twisting and turning of the
aortic tube during development and
aging. Therefore entry sites usually
occur in certain aortic positions
depending on the location of the aortic
dissection rather than in random
patterns. Knowledge of the location of
entry sites greatly enhances the ability
to demonstrate them with multiplane
TEE, in the shortest amount of time. In
dissection of the ascending aorta (a)
the primary intimal tear occurs in a
transverse direction approximately 2-5
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mm above the sinotubular junction in
the right anterolateral wall above the
non-coronary cusp. With dissections of
the aortic arch (b) the inferior concave
surface of the arch is spared and the
intimal tear is usually located near and
opposite the innominate artery.
Descending aortic dissections (c)
usually originate with an entry site at
the junction of the aortic arch and
descending thoracic aorta immediately
distal to the origin of the left
subclavian artery.

Most series report a predominance of dissections occurring in the ascending
aorta in roughly 75% of cases. Dissections originating in the ascending aorta frequently
extend to the abdominal aorta, and have been reported in 40-100% of cases. Isolated
descending thoracic aortic dissection occurs in the remaining 25% of cases and extends to
the abdominal aorta in most cases.”® Dissection originating in the aortic arch is less
common and occurs with a frequency of 10-19%."%%>%

In extensive dissection involving the entire aorta, the false lumen usually follows an
identical or similar course (figure 5.15), which is why particular arterial branches of the
aorta are typically involved in dissections.’*®* Knowledge of the typical patterns of
dissection helps to distinguish the true from the false lumen by TEE. Dissection in the
proximal ascending aorta occurs anteriorly and to the right aortic wall, often involving
the right coronary artery ostia and, less frequently, the left coronary artery ostia.”” The
dissection travels from the ascending aorta to the superior portion of the aortic arch,
involving the origin of the great vessels. Distal from the arch, the dissection usually
extends laterally to the left of the descending aorta interrupting the left intercostal arterial
branches. When dissection extends past the diaphragm it courses in the same orientation
to the left and frequently involves the left renal artery, sparing the anterior placed visceral
artery branches. When the aortic dissection extends further, the left iliac artery is
frequently involved.

53,89-94
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Figure 5.17 Typical ascending aortic
dissection. Surgical photograph (a) of
an acute ascending aortic dissection. A
large blue, subadvential hematoma is
noted along an ectatic, dilated aortic
wall typical of an ascending dissection.
Surgical suture denotes the area of the
right coronary origin. Artist’s rendition
in multiple planes of an acute
ascending aortic dissection (b)
illustrating the entry and re-entry sites,
intimal tear, true and false lumen.
Arrows demonstrate the path of typical
blood flow in aortic dissection,
including disruption of the aortic cusp
producing aortic insufficiency. The
relationship of the intimal tear and
false lumen to the aortic valve and
right coronary artery is depicted.

In ascending aortic dissections the aorta is initially either normal in size or there is
mild dilatation of the aortic root. The primary intimal tear occurs in a transverse direction
about 2-5 mm above the sinotubular junction in the right anterolateral wall above the
noncoronary cusp® (figures 5.16, 5.17). Dissections predominantly produce disruption
longitudinally along the length of the ascending aorta, and usually do not result in

complete circumferential involvement. TEE visualization of the dissected ascending aorta
demonstrates a strip of aorta parallel and in close proximity to the pulmonary artery,
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which is left unaffected by the dissection. Rarely, a circular disruption of the intima and
media occurs, producing intimointimal intussusception.®”* The true lumen encompassing
the intima becomes completely invaginated in the false lumen and may produce total
occlusion of the aorta or the great vessels. Blood-flow through the false lumen travels
either anterior, posterior, or completely surrounding the great vessels, usually on the
superior surface or greater curvature of the aortic arch. Aortic insufficiency is produced
by retrograde dissection and associated with detachment of the aortic commissures and
prolapse of the aortic cusps and resultant enlargement of the sinuses and annulus.®9:1%
Aneurysmal dilatation accompanying ascending dissection may cause compression of the
superior vena cava and proximal pulmonary vessels. Bloody pericardial effusions are
usually found at the time of surgery or by imaging techniques. Retrograde dissection may
also involve the right coronary ostia producing myocardial ischemia or infarction.> With
extensive retrograde dissection the left main coronary artery may also be compromised,
with a grave outcome.

When dissections of the aortic arch occur, the inferior concave surface of the arch is
spared. The intimal tear is usually located near the innominate artery (figure 5.16). The
great vessels usually arise from the true lumen and, rarely, the origins of the great vessels
are torn with intimal insussusception causing occlusion of these vessels and stroke from
cerebral ischemia or infarction. If the ascending aorta is involved and the intimal tear is
not readily identified in the ascending aorta, then the intimal tear probably originates in
the arch and has resulted in a retrograde dissection of the ascending aorta.

Descending aortic aneurysms usually originate at the junction of the aortic arch and
descending thoracic aorta immediately distal to the origin of the left subclavian artery
(figure 5.16). Descending aortic dissections frequently progress beyond the diaphragm
and extend to the abdominal aorta. Because of the longitudinal orientation of the aorta,
expansion of the false lumen occurs at the expense of the true lumen. Rupture or
diapedesis of blood through the aortic wall tracks into the left pleural cavity. Circular
dissections visualized near the junction of the aortic arch and proximal descending aorta
suggest retrograde extension of the dissection.'®

TEE evaluation in aortic dissection

When TEE is done on a patient with suspected aortic dissection it is important to obtain a
full study to identify the presence of dissection, any coexisting complications, and to
assess cardiac chamber function. If a false lumen (double lumen aorta) is identified, the
extent of dissection must be classified, according to DeBakey’s or Stanford’s
classification, and the location of the intimal entry tear identified as well as the presence
or absence of flow in the false lumen. The presence of pericardial effusion and/or
findings suggesting tamponade, pleural effusion, presence or severity of aortic
insufficiency, and the presence of ventricular regional wall motion abnormalities, should
be unequivocally established.

The hallmark of aortic dissection is the demonstration of an intimal flap, which
divides the aortic lumen into true and false channels to produce a fusiform dilatation of
the dissected segment of aorta.’® Intimal flaps appear as a uniform dense, hyperrefractile
linear echo, running parallel with the aortic wall within the aortic lumen to produce an
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undulating or chaotic motion. Intimal flaps are readily apparent in the short-axis views of
the aorta and should be confirmed in orthogonal views. When true and false lumen are
identified, the flow characteristics of the aorta should be described and color Doppler
used to determine the presence of flow in the false lumen. Frequently the flow in the false
lumen is not readily apparent, because of its lower velocity, and the Doppler settings
must be adjusted by increasing the color-flow gain and decreasing the velocity setting.
Sluggish flow is noted in the false lumen by the presence of spontaneous echo contrast in
about 41% of cases.’®® On close inspection, the false lumen may contain thrombus or be
totally thrombosed (suggesting a chronic dissection). Totally thrombosed false lumens
may be identified by displacement of intimal calcifications.’® If no flow is detected in the
false lumen it is considered thrombosed, which carries a good prognosis. If flow is
detected in the false lumen survival is 43%, although survival is 90% in patients without
detectable flow in the false lumen.'®*® The true lumen is distinguished from the false
lumen with color Doppler illustrating the systolic expansion of the true lumen and
systolic compression of the false lumen. As previously mentioned, since dissections
usually follow a typical course, the true and false lumens may be distinguished by their
anatomic position in the aortic lumen. True aortic lumens tend to have higher velocity
flows detected, compared with low velocity flows in the false lumen. In the descending
aorta the false lumen tends to be larger than the true lumen and commonly travels down
the leftward aspect of the aorta. Also the false lumen commonly shows the most
spontaneous contrast or thrombus formation.

After visualization of the false lumen, it is necessary to identify the location of the
entry site or intimal tear. An intimal tear is visualized as a discrete disruption in the
intimal flap, producing the most chaotic motion in the flap.®"!®® Color Doppler shows a
low velocity flow jet directed from the true lumen towards the false lumen.'®°
Conventional pulsed-wave Doppler shows a low velocity biphasic or triphasic flow
pattern predominately during late systole.**! Identification of the site of the intimal tear is
extremely important for classification of the aortic dissection and for the cardiac surgeon
to decide the best type of aortic repair. In Stanford type A dissections, the intimal tear
usually occurs just above the aortic valve, opposite the innominate artery or 2-5 cm distal
to the origin of the left subclavian artery. In Stanford type B dissections, the intimal tear
is always near the subclavian artery or cardiac isthmus. In addition to identifying the
entry site or intimal tear it is useful to identify re-entry tears when present. Re-entry sites
may be multiple, usually occurring close to the most distal site of dissection. The
importance of identifying re-entry sites is to ensure that the cardiac surgeon does not
neglect a re-entry site and accidentally incorporate a re-entry site in the repair to turn this
site into a potential new starting point for recurrent dissection or a failed surgical repair.
Flow is commonly noted in the descending aorta in the posterior aspect, which represents
flow to the intercostal arteries, and it is important that these are not confused with re-
entry sites.™®

Multiplane TEE easily identifies coronary artery involvement with aortic dissection.
Wall motion abnormalities are readily seen with the transesophageal approach.
Dissection extending to the coronary arteries occurred in 21% of the patients studied by
Ballal et al.®® and was accurately detected in 86% of cases. Interestingly, only 29% had
clinical evidence of myocardial infarction.
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It is important to identify the sites of aortic involvement of the dissection, and to
define whether the ascending aorta, aortic arch. Preoperative identification of the intimal
tear and of whether there is a retrograde dissection is helpful in minimizing aortic cross-
clamp time and hypothermic arrest. TEE allows quantification of the degree of aortic
insufficiency.

Intraoperative TEE enables assessment of perfusion during bypass and detection of
inadequate perfusion of vital organs.™*® When arterial cannulation is done in the femoral
artery, the perfusionist can inject prime solution through the cannula to determine
whether the true lumen or false lumen was cannulated by observing the appearance of
contrast artefact in one or both lumens. In addition, once the patient is placed on bypass,
the flow characteristics in the true and false lumens are observed with color Doppler by
illustrating a non-pulsatile flow jet characteristic of pump flow in one or both lumens.
Flow is usually detected throughout the aorta on cardiopulmonary bypass and, depending
on the type of dissection, flow in the great vessels may be detected. TEE is helpful at the
completion of surgery to assess the adequacy of the results, and to locate free debris such
as thrombi in the aortic lumen that may have become dislodged during surgery. Flow
characteristics of the aortic graft are assessed for increased gradient at the anastomotic
sites, which may occur from a kinking of the graft that is not obvious to the surgeon after
the cross-clamp is removed. In patients with elephant-trunk graft placement, the flow
dynamics of the outlet are observed to ensure adequate flow in the true and false lumen,
which is necessary for distal organ perfusion. The distal portion of the elephant-trunk
graft expands in systole and contracts in diastole as flow enters the aortic lumen, with a
tendency to show a floating motion in the aortic lumen due to mismatch between the
aortic diameter and the graft dimension.'***!* In patients who require reimplantation of
the coronary arteries, flow from the graft to the coronary arteries is shown readily by
color Doppler.

Many studies have described sensitivity and specificity for TEE in aortic dissection,
approaching 100% for each.’%*1%41%%118 | earlier studies the specificity of TEE findings
were lower, ranging from 65-75%, and were largely attributed to monoplane and biplane
technology missing the so-called aortic blindspot in the distal ascending aorta. The lower
sensitivity and specificity has been attributed to false positive echocardiography findings,
illustrating the learning curve of TEE in interpretation of ultrasound images and in
technical skills involved in endoscopy. When TEE is compared with other imaging
techniques, such as CT or MRI scanning, the results generally reflect the expertise of the
institution in each technique.*® In our own institution, TEE is complementary to spiral
CT and MRI scanning in confirming the diagnosis of aortic dissection.

False-positive echo findings for an intimal flap may occur as a result of plaques near
the aortic valve, producing lateral resolution artefact; thickening or calcification causing
reverberations may be produced from other cardiac or thoracic structures; and the use of
excessive gain may introduce abnormal echoes into the aortic lumen. Pulmonary artery
catheters, intra-aortic balloon catheters, and pacing catheters produce side-lobe or linear
echo artefacts that appear within the aorta in various views. Linear artefacts are
frequently produced in the ascending aorta when the aortic diameter is greater than the
left atrial diameter.'®* The echo interface between the aorta and the lung in the aortic arch
and proximal descending aorta produces a typical appearance that should not be confused
with the appearance of a true and false lumen, or a double-barrel aorta. Pericardial
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effusion with fluid in the transverse sinus separating the proximal ascending aorta and the
pulmonary artery also may be confused with true and false lumen. Pneumothorax,
pulmonary blebs, and atelectasis may also produce shadowing artefacts within the
thoracic aorta or obscure the aorta producing non-diagnostic images.

False-negative transesophageal echocardiograms have been observed in aortic
dissection. In ascending aortic dissection of an extremely dilated aorta, small intimal tears
may be overlooked when comprehensive examinations are not done or if tears are
overshadowed by mural thrombus or spontaneous contrast within the aortic lumen.

Intramural hematoma

Intramural hematoma of the aorta represents one of the variants of aortic dissecting
aneurysm. Intramural hematoma of the aorta is defined by the presence of the intramural
accumulation of blood as a localized hematoma within the layers of the aortic wall.
Intramural hematoma comprises approximately 12.8-13.2% of all aortic syndromes and
has a high rate of progression to overt dissection.’?*'? Because of the frequent lack of
intimal tears discovered at necropsy it was once believed that intramural hematoma were
the precursor to aortic dissections. It was postulated that spontaneous rupture of the aortic
vasa vasorum may initiate aortic wall degeneration, which eventually lead to hematoma
formation in the aortic wall and splitting of the aortic wall layers or dissection formation
without an intimal tear.*** Comparison of histological findings with intramural hematoma
and those with typical dissection showed that the medial split tended to occur in the outer
third of the medial layer in a high proportion of patients with intramural hematoma.
Aortic wall rupture may therefore be greater in the setting of intramural hematoma than
with overt aortic dissection, but this finding needs further validation in clinical trials.

Intramural hematoma is prevalent in the setting of chronic hypertension, diabetes
mellitus, pregnancy, Marfan syndrome, or in abdominal aortic aneurysms.'?®%
Peripheral vascular involvement is usually less common than in cases of classic aortic
dissection, but usually more than in penetrating aortic ulcerative plaque.’® Patients with
intramural hematoma present with severe chest or back pain, and signs of fluid
extravasation, pericardial and pleural effusion are typical features.

TEE findings of intramural hematoma consist of a localized thickening of the aortic
wall of more than 7 mm, producing a circular or cresentric shape.’** The hallmark of
intramural hematoma is thickening of the aortic wall without evidence of an intimal tear
or dissection. It is extremely important that a thorough examination by use of multiple
planes (by slowly rotating the transducer through 180 degrees) is done in the segment
involved with the hematoma to exclude an intimal tear and to rule out a classic dissection
since it may not be readily apparent after the aorta is opened surgically.

Initially, intramural hematoma has the typical reflection pattern of sequestered blood
in-between the intima-media and advential layers. This pattern changes with the
formation of a homogenous echogenicity similar to that of an intramural thrombus. At
this stage, it may be difficult to distinguish an intramural hematoma or aortic debris with
intraluminal thrombosis from classic aortic dissection with a thrombosed false lumen,
especially when the hematoma extends a considerable distance longitudinally down the
aorta. The sensitivity and specificity of TEE for the diagnosis of intramural hematoma
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reported by Keren et al.'”® were 90% and 99%, respectively. Intramural hematoma

occurred in the ascending aorta in 48%, the aortic arch in 8% and in the descending
thoracic aorta in 44% of patients.**? In addition, intramural hematoma of the ascending
aorta occurred predominantly in younger patients.

Surgical intervention for intramural hematoma is similar to that for classical aortic
dissection. The 30-day mortality of ascending intramural hematoma was 80% and 50%
for aortic arch intramural hematoma in patients treated without surgery.’*® The 1-year
survival with surgery was 71% versus 20% with medical therapy. In patients with
descending aorta intramural hematoma the 1-year survival was not significantly different
between medical and surgical management; 83% and 80%, respectively.”*? Current
recommendations for the surgical management of intramural hematoma are similar to
those for classic aortic dissection, including ascending and aortic arch intramural
hematoma.'®®*** Medical therapy with diligent follow-up is recommended for
uncomplicated descending aortic intramural hematoma. Surgery should be considered in
patients with recurrent or intractable pain despite aggressive medical therapy, rapid and
localized aortic expansion, leakage or threatened rupture particularly in a previously
aneurysmal aorta, major branch vessel compromise with vital organ ischemia, and in
patients with pre-existent connective tissue abnormality.*?632

Penetrating aortic ulcerative plaque

Ulceration of aortic atheroma is common in patients with aortic disease. Typically,
ulceration of the atheroma is confined to the intimal wall, resembling a gastric ulcer in
imaging techniques. Ulceration is not associated with intramural hematoma and is
generally symptom-free. In penetrating aortic ulcerative plague, the ulcer extends beyond
the intimal border, to produce a subjacent hematoma through the aortic wall with full or
partial thrombosis of a pseudoaneurysm of the adjacent advential connective tissue. The
long-term result of this contained rupture is not known, although ruptures with
hemorrhage and exsanguination have been reported.**

Rarely does spontaneously contained adventitial pseudoaneurysm extend for the
length of the descending thoracic aorta in a proximal and/or distal direction. In Shennan’s
classic series, penetrating ulcerative plaque was the cause of aortic dissection in six of
218 patients.® A distinguishing factor from classical dissection is that the penetrating
ulcers need not occur at the aortic stress sites, but are usually located in the mid or distal
descending thoracic aorta.**** Typically, penetrating aortic ulcers tend to produce
pathology that is more extensive than in classic dissection, due to the severe
atherosclerotic changes found in ulcerative aortas. The propagation of the longitudinal
plane of cleavage tends to be limited by the associated medial fibrosis and atrophy that
accompanies the atherosclerotic process.**® When surgical repair is required, the segment
of diseased aorta including the ulcer is excised and replaced by a tubular graft.**®

Patients with penetrating aortic ulcer present with similar findings as classical aortic
dissection, without the propensity for pulse deficits. Chronic hypertension, history of
smoking, significant atherosclerotic disease, and older patients are the norm. Patients are
usually elderly and generally do not have a history of connective-tissue disease.’®®
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Patients do not develop pericardial effusion, valvular regurgitation or neuromuscular
compromise, but may accumulate effusions in the mediastinal or pleural space.™’

The TEE diagnosis of penetrating aortic ulcer may be difficult to make, especially
when the findings are not extensive. Since the patient’s clinical findings are similar to
that of classic aortic dissection, TEE is usually done to rule out both diagnoses. Usually
the first indication of a penetrating aortic ulcer is the finding of an adventitial hematoma
or pseudoaneurysm in a severely atherosclerotic aorta, together with mediastinal fluid or
pleural fluid near the affected segment of the aorta and absence of dissection flap.
Meticulous examination of the aorta may reveal an ulcerative plaque as a small
protrusion at or near an atheromatous plaque that projects deep into the medial wall layer,
frequently with spontaneous contrast at the site. Color-flow Doppler may show flow
within the area of the aortic ulcer, tracking into the subjacent hematoma where lower
velocities are recorded.

The diagnosis of penetrating aortic ulcer has only rarely been reported in the literature
worldwide (less than 100 cases), due to the lack of appreciation of this disease before the
development of newer imaging methods. In the past, the diagnosis could be made only by
aortography, which was not an easy task. In most patients the ulcer was identified in the
mid to distal descending aorta with severe atherosclerosis;*® however, two patients with
ulcers in the ascending aorta and one patient with an arch ulcer were recently
identified.™*>'*® 40% of patients have a prior concomitant diagnosis of abdominal aortic
aneurysm.™® Most of the patients reported have had surgical intervention, because the
risk of rupture of a penetrating aortic ulcer is thought to be higher than with aortic
dissection. Since the long-term results of contained rupture are not known, many
investigators believe that a confined hematoma may remain stable while it is relatively
protected from the hemodynamics of blood flow. Recent reports suggest that surgical
therapy may not be indicated in all patients. Hussain et al."* reported five patients who
did well with medical therapy. Surgery may be avoided in stable cases; but intervention is
recommended for aortic ulcers in the ascending aorta and aortic arch, in patients with
clinical and laboratory findings of ongoing hemorrhage, and in patients with recurrent
symptoms and enlarging hematoma on subsequent imaging.**°

Aortitis

Auortitis, or inflammation of the aortic wall, is a rare and infrequently recognized acquired
disease of the aorta responsible for aneurysmal formation (figure 5.18). Aortitis is also
referred to as infective endarteritis or fungal aneurysm, leading to much confusion
regarding this disorder. Aortitis has many etiologies, and should be considered as an
inflammation of the arterial wall with or without pre-existing aneurysm formation.
Aortitis should include all extracardiac and intracardiac aneurysms with an inflammatory
or infectious etiology.
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Figure 5.18 Surgical photograph of an
ascending aortic aneurysm resulting
from aortitis. Aortitis, or inflammation
of the aortic wall, is a rare and an
infrequently recognized type of
acquired aortic disease responsible for
aneurysmal formation. Enlargement of
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the total ascending aorta is noted
which is almost as large as the cardiac
structures visualized, with chronic
inflammatory appearance to the
adventitia. When aortitis is left
undiagnosed it frequently results in
rupture of the involved aortic segment.

The incidence of aortitis is rare, as illustrated by a Mayo Clinic study of necropsy
findings. Between 1925 and 1954 only six cases of aortitis were discovered in 20,000
necropsies. The rare incidence of aortitis may be attributed to difficulty in making the
diagnosis as well as the changing clinical circumstances in which it occurs. Recent
reports suggest that the incidence of aortitis is increasing in frequency, which may be due
to improved awareness of aortitis as a clinical entity plus to the introduction of better
imaging methods such as TEE.

In the pre-antibiotic era, 86% of aortitis cases occurred in conjunction with infectious
endocarditis.**>*** Aortitis was also commonly associated with syphilis (75% of all
cases). Although the incidence of syphilitic aortitis has dramatically declined since the
introduction of penicillin, it may still be seen in developing countries.***** Syphilitic
aneurysm is almost always confined to the thoracic aorta and involves the aortic arch.
Aneurysms may be saccular, fusiform, or cylindrical when the whole thoracic aorta is
involved. Medial destruction is produced initially by the leuetic lesion, with the
subsequent development of atherosclerotic disease later in the process, which further
weakens the aortic walls. Extensive atherosclerosis, which may occur in syphilitic
aortitis, may occasionally result in porcelain-type aortas. Syphilitic aneurysms tend to
grow extensively, are usually quite large, and may erode through the chest wall. Erosion
of the chest wall has led to the misconception that aneurysms are usually very large.

The most common mechanism today for aortitis is the hematogenous seeding of
preexisting atherosclerotic disease. Thrombus formation associated with intraaortic debris
and aortic aneurysm serve as the nidus for aortic infection in the presence of bacteremia.
Pre-existing aortic disease may become infected secondarily to distant foci of infection or
contiguous spread from local infection. Traumatic or iatrogenic causes (surgery or
cardiac catheterization) of aortitis and endovascular infection may result from direct
bacterial contamination of the aorta from arterial injury. Aortitis is also associated with
many immunological or rheumatic disorders.

Embolic seeding of bacteria may occur in the setting of bacterial endocarditis or
intravenous drug abuse.**® Aortitis may produce saccular aneurysms or, less commonly,
fusiform aneurysms. In more than 70% of cases the aneurysm develops in the ascending
aorta proximal to the aortic arch. Infection of the aortic wall leads to the obliteration of
the elastic and muscular layers, but leaves the intima intact.*’

Aortitis secondary to infection of a pre-existing aneurysm is most common in the
abdominal aorta, since this area is most frequently damaged by atherosclerosis.
Involvement may occur in the ascending and descending aorta in about 15% of
cases.'*81% The wall of the aneurysm is usually very thin and expands as the
inflammation progresses. The bacterial species involved with endocarditis are different
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from aortitis. Gram-positive cocci, predominately staphylococcus species, are present in
60% of cases, with salmonella as the gram-negative bacteria in 35% of cases.'*****

When aortitis is left undiagnosed, it results in rupture of the involved aortic segment in
75% of cases.***'>2 Therefore it is important to diagnose aortitis accurately. Successful
treatment of aortitis includes appropriate antibiotic therapy combined with surgical
resection, since the incidence of rupture does not decrease with antibiotic use alone. The
mortality of aortitis is high and rupture occurs earlier when Gram-negative bacteria are
the cause of infection.*® Surgical results are usually better in Grampositive infections,
and when all infected tissue can be removed.'*

TEE may be very helpful in diagnosing and recognizing aortitis. The diagnosis of
aortitis should be considered in patients presenting with non-specific chest pain, fevers
and chills, increased white-blood-cell counts and positive blood cultures. Although there
are no specific findings with TEE to suggest aortitis and there is considerable overlap
between the findings of other types of aortic disease seen with TEE, multiplane TEE with
its excellent anatomic detail should be extremely helpful in these clinical situations.
Recent case-reports illustrate the potential role of TEE in the diagnosis of aortitis,
including the advantages over aortography and CT scanning.”***** TEE findings
suggestive of aortitis include aortic wall thickening and focal saccular aneurysms that
occur in atypical locations of the aorta. In patients with aortitis secondary to trauma,
pseudoaneurysms are commonly detected. The aorta is usually normal in adjacent areas
to these findings, or there may be areas with associated intraaortic debris. Color-flow
Doppler usually shows flow from the aortic lumen into the aneurysm or abscess cavity.
Serial TEE examinations illustrating the rapid enlargement of a known aneurysm should
suggest the diagnosis of aortitis. The aorta should also be screened for these findings in
the setting of infectious endocarditis during TEE assesments to look for areas of embolic
seeding.

Aortic transection

Aortic transection, or traumatic aortic rupture, is a life-threatening emergency that
accounts for 20% of deaths from motor-vehicle accidents.”® Blunt aortic trauma is
infrequent but causes death in 25% of trauma patients™® Abrupt deceleration-type injuries
that result from falls of significant height or motor-vehicle accidents produce traction and
torsion forces that generate very high shear stress together with sudden increases in
intraluminal pressure. These lead to traumatic disruption of the thoracic aorta in its less
mobile segments. Aortic transection occurs in 90% of cases at the aortic isthmus where
the mobile aortic arch becomes relatively fixed in the thorax by the ligamentum
arteriosum, left subclavian artery, and intercostal arteries.™’ In 80-90% of cases all three
layers of the aortic wall are torn, causing immediate death from massive periaortic
hemorrhage. Patients generally incur multiple injuries and survival of the transection
depends on the relative strength of the pseudoaneurysm that forms.

Chest radiography typically shows a widened mediastinum of more than 8 cm in
patients with aortic transection.'*® Contrast aortography has been the gold standard for
diagnosis in aortic transection, but it is difficult to do on critical patients. Reports have
focused on the time delay caused by aortography, which varies from 50 to 75 minutes.**
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Parmley et al.**® in a classic report of 275 necropsies in traumatic injury of the aorta,

classified non-penetrating aortic injuries into six categories: intimal hemorrhage with or
without laceration; medial laceration; complete laceration; pseudoaneurysm formation;
and periaortic hemorrhage. In that series, only 14% of patients reached the hospital alive
and only 20% of these patients lived longer than 1 h, with 30% dying within 6 h. The site
of aortic rupture was at the isthmus in 45%, ascending in 23%, descending in 13%, arch
in 8%, abdominal in 5%, and multiple sites in 6%. In addition, avulsion of the aortic
valve was noted, probably due to the increased intraluminal pressure generated in these
types of trauma especially with the use of seat belts.

With this information in mind, TEE is a logical choice for the emergency assessment
of traumatic aortic injury.'***"® Recently, many reports have shown the efficacy of TEE
in aortic transection with sensitivities of 91-100% and specificity of 100%, especially
with the use of multiplane TEE.'***"" The only drawbacks of TEE are its use in patients
with severe edema from facial or mandibular fractures and in patients with unstable neck
trauma, which makes it difficult to intubate the esophagus successfully.

Findings of TEE in aortic transection include intimal tears, subadvential lacerations,
pseudoaneurysms, and mediastinal hematoma (figure 5.19). Findings in aortic transection
may resemble classic aortic dissection.

Traumatic aortic intimal tears appear as thin, mobile intraluminal projections
emanating from the aortic wall close to the aortic isthmus.>’” Because the intimal tears are
small, the aortic contour and diameter usually remain normal and pseudoaneurysms do
not occur. Color-flow Doppler does not show significant turbulence at the site of the tear.

Subadventitial traumatic aortic disruption produces subtotal, complete or partial aortic
disruption.’”” A subtotal subadventitial aortic disruption involves roughly two-thirds of
the aortic circumference from a spiraling tear, with the aorta held together with a small
residual band of the aortic wall. Echocardiography shows an abnormal thick intraluminal
flap that produces a non-symmetrical aortic deformity. Since the flap includes the intima
and media, the luminal flap is usually 3-5 mm in thickness, distinguishing it from the
thin intimal flaps in classic dissection. The medial flap in subadventitial disruption
appears in the transverse view as a linear structure completely traversing the lumen of the
aortic isthmus in either a vertical, oblique, or nearly horizontal manner. In longitudinal
views the medial flap is almost always nearly perpendicular to the isthmus wall,
vertically traversing the entire aortic lumen. Complete subadventitial aortic disruptions
involve the entire circumference of the aorta. The tear is horizontal and complete,
resulting in visualization of the entire circular intimal-medial layer disrupted inside a
circular adventitial layer. The medial tear oscillates with each cardiac cycle and
spontaneous contrast can be shown between each layer. Flow may also be shown by
color-flow Doppler on both sides of the medial layer. Partial aortic disruption shows
limited discontinuity of both intimal and medial layers with or without pseudoaneurysm
formation. The aortic tear appears as a discontinuity of the intimal-medial aortic layer,
without evidence of an intraluminal medial flap. Color-flow Doppler shows turbulent
flow entering the pseudoaneurysm.
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Figure 5.19 Typical types of aortic
transection or tear. Artist’s rendition of
the four types of pathology associated
with transection of the aorta. Torn
aortas usually occur near the
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ligamentum arteriosum and result in
various degrees of intimal tear.
Traumatic aortic intimal tears (a)
appear as thin, mobile intraluminal
projections emanating from the aortic
wall close to the aortic isthmus.
Because the intimal tears are small, the
aortic contour and diameter usually
remain normal and pseudoaneurysms
do not usually occur. With larger tears
(b) color flow Doppler may
demonstrate significant turbulence at
the tear site, which is usually
associated with pseudoaneurysmal
formation in the aortic wall.
Subadventitial traumatic aortic
disruption may also result in partial (c)
or complete (d) aortic disruption. A
subtotal subadventitial aortic
disruption involves approximately two
thirds of the aortic circumference from
a spiraling tear within the aortic wall
with the aorta being held together with
a small residual band of aortic wall.
Complete disruption produces a
horizontal tear resulting in the
visualization of a circumferential
intimal-medial layer disrupted inside a
circular adventitial layer.'”’

Mediastinal hematomas are usually present in aortic disruption. Le Bret et al.}”® have
described a sensitivity for TEE of 100% and a specificity of 75% for the diagnosis of
mediastinal hematoma. Mediastinal hematoma is suggested by an increased density of
more than 3 mm between the TEE probe and the aortic wall, or the production of a

double contour of the aortic wall. Mediastinal hematoma is also suggested when an
ultrasound signal is visualized between the aortic wall and the visceral pleura.
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Atherosclerotic aortic disease and debris

The most common pathology of the aorta is atherosclerotic aortic disease, present as an
isolated finding or in combination with other aortic pathologies. The incidence of
atherosclerotic disease increases exponentially with age in most countries. Unfortunately,
patients are usually not diagnosed with severe atherosclerosis until they have a
thromboembolic event or arterial occlusion with threatened limb viability (figure 5.20).
TEE has contributed to early diagnosis and heightened the awareness of atherosclerotic
aortic disease, especially in the thoracic aortic segments. Currently, in many
echocardiography laboratories, the most common reason for doing TEE is to assess a
cardiac source of thromboembolism.

Figure 5.20 The dreaded complication
of diffuse severe atherosclerotic debris
is the peripheral embolization of
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cholesterol and thrombotic material.
The typical appearance in a photograph
highlighting peripheral thrombotic and
cholesterol emboli to both lower
extremities associated with
atherosclerotic debris of the aorta.

TEE is an excellent technique for visualizing thickening of the aortic walls, and for
visualizing intraluminal plaques and thrombi, which enables assessment of the severity of
aortic disease. The information obtained by TEE also gives insight into potential disease
elsewhere in the circulatory system. Many recent studies have concluded that significant
atherosclerotic disease of the aorta diagnosed by TEE is a powerful marker for
obstructive coronary artery disease, cerebrovascular disease, peripheral vascular disease,
and systemic embolization.

The resolution of TEE allows determination of the severity of aortic atherosclerotic
disease. Two layers of the

Table 5.6 TEE classification ofaortic
atherosclerosis

Aortic degree Intimal thickening Intraluminal irregularities
Normal <2.0mm None

Mild <3.0mm None

Moderate <5.0mm Raised plaques

Severe >5.0mm Protrusion of plaques and/or debris

aortic wall are visualized, the inner layer representing the intima and media, and the outer
echogenic layer the adventia. Cross-sectional views of the normal aorta illustrate a
circular aorta with a very smooth inner layer and uniform echogenicity. Atheromatous
plaques are apparent as protrusions, producing abnormalities in the normally circular
intraluminal contour of the aorta. The thickness of the aortic wall is assessed in these
regions and compared with the corresponding normal areas. Associated intraluminal
thrombus appears as a low-density mass with homogeneous echogenicity and a smooth
line of interface within the aortic lumen. Intraluminal thrombus can be confused with
intramural hematoma or a thrombosed false lumen in dissection. Multiplane TEE can be
helpful in allowing the acquisition of many planes to illustrate a thin bright line of
echogenicity on the intraluminal surface, which represents the intimal-medial layer. In
addition, aortic intraluminal thrombus usually produces a convexity towards the aortic
lumen whereas intramural hematoma produces a concave distortion of the aortic wall,
detracting from the circular appearance of the aorta at that level. The higher the
ultrasound intensity of the plaque or atheroma, the more complex the atherosclerosis.*”
Cholesterol crystals within the lesions produce the highest echogenicity, with
calcification producing bright white echoes and shadowing artefact. Aortic debris is
characterized by mobile protruding lesions associated with the atheromatous plaques.
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Various atherosclerotic scoring systems have been advocated to grade the severity of
atherosclerotic disease, the most sophisticated dealing with collaboration of other
radiographic methods and histology.'”® The simplest grading score is most useful in
clinical practice. We use the scoring system in table 5.6 (figure 5.21), which has been
readily accepted and understood by physicians, surgeons, and radiologists alike. The
aorta is normal when the intima is smooth without identifiable thickening of the wall in
multiple segments of the thoracic aorta. Mild atherosclerotic disease is present when
there are areas of increased thickness in the aortic wall of less than 3.0 mm and no
demonstrable intraluminal irregularities. Moderate atherosclerotic disease is represented
by diffuse irregularities or obvious, raised plaques of less than 5.0 mm in thickness.
Severe atherosclerotic disease is present when large areas of intimal thickening of more
than 5.0 mm protrude into the aortic lumen associated with atheromatous debris and
adherent intraluminal thrombus. Segments of the aortic wall may have extensive areas of
calcification, ulcerated plaques, or craters that appear to penetrate 5-10 mm into the
aortic wall. In addition to the grade, the presence or absence of atherosclerotic disease
should be noted for each segment of the thoracic aorta, and checks should be made
specifically for plaques or debris close to the origin of the great vessels.

Atherosclerotic disease is commonly shown in cardiac patients studied by TEE and
there is an association between significant disease and thromboembolic events. Tunick
and Kronzon® were the first to use TEE to report the association between atherosclerotic
plaque in the aortic arch and systemic thromboembolism. The relative risk of symptoms
in patients with protruding atheroma shown by TEE was significantly increased. Karalis
et al.'®! showed aortic debris in 7% of all the patients studied by TEE in their institution.
Atheromatous disease occurred in the aortic arch and descending aorta in 70% of patients
but was limited to the descending aorta alone in 30%. They concluded that
atheroembolism is a well-recognized complication of aortic debris, with an embolic
potential of 73% with complex plaques (moderate to severe) and only 12% with simple
(mild) plaques. Davila-Roman et al.*®* reported on the prevalence of cerebrovascular
events in cardiac patients with atherosclerosis of the ascending aorta. In patients less than
60 years old, atherosclerosis occurred in the ascending aorta in fewer than 10%,
compared with 32% in patients 80 years old. In a more recent study from Davila-Roman
et al., atherosclerosis of the ascending aorta was an independent predictor of long-term
neurological events and mortality. Neurological events and mortality increased more than
1.5-fold as the severity of atherosclerosis increased from normal-mild to moderate, and
there was an increase of more than 3-fold in the incidence of both as the severity of
atherosclerosis increased from normal-mild to severe.'®®

Treatment of severe atherosclerosis has been largely controversial, with use of both
anticoagulation and/or antiplatelet agents and no real evidence to support either. Recently
Ferrari et al.'® showed a better outcome in patients with ascending atherosclerosis treated
with anticoagulants versus antiplatelet agents. Further studies are needed to validate these
findings and to determine which patients do best with either therapy.

Vaduganathan and colleagues'” described the pathological correlates of aortic debris
imaged with TEE. In their study, there was agreement in 73% of patients between
histology and findings of TEE. Discrepancies
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Figure 5.21 Echocardiographic
demonstration of atherosclerotic aortic
disease. Transesophageal
echocardiography has contributed to
the early diagnosis and heightened the
awareness of atherosclerotic aortic
disease especially in the thoracic aortic
segments. The resolution of TEE
permits the determination of the
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severity of aortic atherosclerotic
disease and the grading of the severity
of disease. In the normal aorta (a, b)
the intima is smooth without
identifiable thickening of the wall in
multiple segments. Mild
atherosclerotic disease (c—e) is present
when there are areas of increased
thickness in the aortic wall less than
3.0 mm and no demonstrable
intraluminal irregularities. Moderate
atherosclerotic disease (f-h), is
represented by diffuse irregularities or
obvious, raised plaques less than 5.0
mm in thickness. Severe
atherosclerotic disease (i—K) is present
when large areas of intimal thickening
greater than 5.0 mm protrude into the
aortic lumen associated with
atheromatous debris and adherent
intraluminal thrombus. Segments of
the aortic wall may have extensive
areas of calcification, ulcerated
plaques, or craters that penetrate 5-10
mm into the aortic wall.

occurred when TEE missed superficial ulcerations beyond the resolution of standard
technology. In their patients, grade | and Il (mild) atherosclerotic disease was easily
distinguished from grade Il and IV (moderate and severe) disease in 93% of patients.
The sensitivity and specificity of TEE for identification of thrombus was 91% and 90%,
respectively.

Significant aortic atherosclerotic disease detected by TEE correlates with disease
elsewhere in the circulation system, especially in the coronary and cerebrovascular
systems. Fazio et al.'® showed the relation between coronary artery disease and
atherosclerotic aortic disease in 61 patients who underwent TEE and cardiac
catheterization. 41 patients had at least single vessel coronary obstructive disease, of
whom 37 had aortic atherosclerotic plaque. Of 20 patients with normal coronary arteries
only two had aortic atherosclerotic plaque. The positive predictive value of aortic plaque
for obstructive coronary artery disease was 95%, with a negative predictive value of 82%.
All patients with three-vessel and left main coronary artery disease had aortic
atherosclerotic plaque but importantly their cardiac risk factors were weak predictors of
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coronary artery disease. This finding has important implications for patients who have
diagnostic TEE assessments for endocarditis, valvular disease and aortic disease before
cardiac surgery. The question of whether or not to perform coronary catheterization for
preoperative clearance may be settled when concomitant significant aortic atherosclerotic
disease is discovered in patients with risk factors for whom obstructive coronary disease
should be ruled out.

In patients with aortic debris shown by TEE, the risk of embolic complications for
both cardiac catheterization and cardiac surgery are increased. Simons et al.**® showed
that the risk of systemic embolism in cardiac catheterization is approximately 0.1%, but
was increased to 27% in patients with atherosclerotic plaque and debris. Perioperative
stroke is a known complication of cardiac surgery, and has an increased incidence with
age. Loop et al."® found a greater prevalence of perioperative stroke of more than 2.4%
in patients older than 65 years. Gardner et al.*® studied patients over a 10-year period and
found an increased prevalence of perioperative stroke of 7.1% in patients over 75 years
old. Perioperative stroke is believed to result from pre-existing cerebrovascular disease,
atherosclerosis of the ascending aorta and prolonged cardiopulmonary bypass times.
Kouchoukos and colleagues®®** have studied perioperative stroke rates and their
association with atherosclerotic disease of the ascending aorta and arch extensively. Their
group used epiaortic ultrasound as well as TEE for diagnosing significant atherosclerotic
plaque in the ascending aorta and arch prior to cross-clamping and start of
cardiopulmonary bypass. They concluded that ultrasound examination was superior to the
traditional approach where the surgeon palpates the aorta to exclude aortic disease for the
optimum placement of cannulas and cross-clamping. In their study, epiaortic ultrasound
was more accurate than biplane TEE since the distal ascending aorta was a common site
of aortic debris. Further studies need to be done with multiplane TEE. In our institutions,
multiplane TEE has been sufficient for diagnosing distal ascending disease, but epiaortic
examination is also done in difficult cases in whom the optimal site for cross-clamping of
the aorta is found by the surgeon placing the probe directly on the aorta. In Kouchoukos’
group the surgery plan was modified to accommodate atherosclerotic disease in 25% of
cases.'® Their recommendations include: alternative cannula sites, cross-clamping sites
or proximal anastomotic graft sites; replacement of the severely diseased ascending aortic
segment under circulatory arrest; use of the innominate or internal mammary artery to
place the proximal vein anastomosis; perform endarterectomy, patch aortoplasty or graft
replacement of the diseased segment; or start of hypothermic fibrillatory arrest to avoid
cross-clamping; and the avoidance of intra-aortic balloon pumping. In their studies, use
of these techniques produced no strokes or peripheral embolic events during the
postoperative period with a 30-day mortality of 3.7%. In our own experience, TEE-
guided cardiac surgery decreases the incidence of perioperative stroke as well as other
postoperative complications.™

Porcelain aorta
An extensive manifestation of atherosclerotic aortic disease is the porcelain aorta. With a

porcelain aorta, the aortic walls are lined with plates of calcium to produce an eggshell
appearance on diagnostic imaging and a firm hard sensation (thus the term porcelain) on
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palpation of the whole aorta. Porcelain aorta has been thought to occur as the result of
inflammatory processes such as aortitis or previous radiation therapy to the chest.
Fortunately, this is an uncommon finding but it does occur in the elderly presenting for
valve replacement for aortic stenosis and coronary-artery bypass grafting. The ascending
aorta is predominately affected, but cases have been described that included the aortic
arch, great vessels and descending aorta.’®*'% With extensive involvement, one area that
seems to be less affected is the area of the proximal right subclavian artery where it
originates from the innominate artery.'*

The most important ramification is that the severely calcific aortas cannot be
cannulated or cross-clamped without risk of rupture, intimal laceration, dissection, or
crushing of the aorta. TEE visualization of the porcelain aorta shows thickened aortic
wall with bright white linear lines of echogenicity, with shadowing artefact paralleling
the aortic outline—best appreciated in the longitudinal planes. The shadowing artefact
often makes the aorta difficult to image or detracts from the overall cardiac imaging
ability of TEE—it resembles the quality of a transthoracic imaging in technically difficult
patients. In addition, aortic plaques and debris may be associated with porcelain aortas. In
our experience, most postoperative dissections have occurred in patients with aortas with
this manifestation of severe atherosclerotic disease. When perioperative dissection
occurs, the visual appearance to the cardiac surgeon is similar to a classic aortic
dissection. A deep purple hematoma appears in the wall of an enlarging aorta after the
aortic cannula or cross-clamp is removed. In our experience, perioperative aortic
dissection due to cardiac surgery is somewhat of a misnomer, since the injury pattern of
dissection produced, as visualized by TEE, resembles the appearance of a traumatic
disruption of the aortic adventitia.
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Case 5.1 Ascending aortic dissection.
Multiplane TEE images of the whole
aorta in a typical type | dissection. It is
often helpful to display and acquire
images at multiple levels in aortic
dissection in order to conceptionalize
the extent of aortic dissection. A true
and false lumen is readily identified
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and delineated by an intimal flap
starting near the aortic valve extending
through the entire aorta to at least the
diaphragm. Note due to the normal
spiraling of the aorta as well as the
change in anatomical relationship of
the aorta and the esophagus in the
thoracic cavity the true and false lumen
appear to change positions within the
aortic lumen depending on the level of
aorta visualized.
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Case 5.2 Ascending aortic dissection.
Multiplane TEE images of an
ascending aortic dissection from the
deep transgastric imaging planes. The
origin of the intimal flap (arrows) near
the aortic valve plane is nicely
demonstrated with its extent to the
aortic arch (a, b). With color flow
Doppler blood flow (arrow) is
delineated through out the cardiac
cycle (c—f) within the true lumen. The
full extent of the dissection is readily
appreciated from this window in a
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wider plane perspective unlike other
imaging planes obtained with
echocardiography. With rotation of the
transducer to 90° in the gastric
position, views of the aorta (g—i)
similar to the deep transgastric views
are seen with a shorter segment of the
aorta usually to the mid-ascending
aorta. The aortic valve plane is better
visualized with this window in
determining the extent of the
dissection and involvement of the
valve. Typical horizontal and
longitudinal views (j—0) obtained from
the upper esophageal window of the
ascending aorta in the same patient.
Echocardiographic imaging
demonstrating the intimal flap motion
(J-1), which undulates during the
phases of the cardiac cycle. With color
flow Doppler the intimal tear is
recognized usually at the point of
greatest motion with flow (arrow)
entering the false lumen (m).
Horizontal projections (n, o) of the
distal aortic arch demonstrating the
intimal flap separating the true and
false lumens.
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Case 5.3 Ascending aortic dissection
with aortic valve involvement. An
ascending aortic dissection with the
intimal flap involving and dissecting to
the sinus of Valsalva of the non-
coronary cusp. Four-chamber view (a)
obtained from the lower esophageal
window at 0° demonstrating an
enlarged aortic root, with aortic
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insufficiency demonstrated in the left
ventricular outflow tract with color
flow Doppler. Horizontal view (b)
obtained from the upper esophageal
window at the aortic valve plane
around 45° demonstrating the intimal
flap (arrow) surrounding the non-
coronary sinus at the valve level.
Disruption of the valve is readily seen
due to the extent of the dissection.
With slight withdrawal of the probe
and returning the transducer to 50°
above the valve plane the entry site is
detected. At the same imaging level
and rotation of the transducer to 125°
(e) the full extent of the intimal flap is
demonstrated starting at the valve
level, with the entry site (arrow) noted
above the valve plane. With color
Doppler flow (f) is demonstrated
through the entry site and aortic
regurgitation is detected in the left
ventricular outflow tract.
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Case 5.4 Ascending and arch aortic
dissection. An intimal flap is noted in
the ascending aorta (a) with a large
entry site (arrow) above the aortic
valve plane. Pulsed Doppler of the
entry site (b) demonstrates triphasic
blood flow through the entry site.
Color flow Doppler (c) demonstrating
blood flow through the entry site from
the true to false lumen. Another entry
site is detected in the distal ascending
aorta with flow demonstrated with
color flow Doppler (d). With full
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rotation of the probe to image the
descending aorta the intimal flap is
seen extending the origin of the left
subclavian artery. An exit site (arrow)
is depicted by color flow Doppler (f)
just distal to the subclavian artery with
the extent of the dissection ending in
the normally appearing proximal
descending aorta (g).
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Case 5.5 Aortic arch dissection
extending retrograde to the level of the
coronary arteries. With dissections
involving the ascending aorta it is
important to visualize the origin of
both coronary arteries in order to
assess their involvement with the
dissection process. Multiplane TEE
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usually allows identification of the
coronary arteries with greater
frequency than other non-invasive
imaging techniques, avoiding more
invasive procedures. Horizontal view
at the aortic valve plane (a) in a patient
with dissection. The valve appeared to
open and close normally. With
withdrawal of the probe, the left
coronary artery was visualized and it
was readily apparent that it originated
from the true lumen of the dissection.
With rotation of the transducer to 135°
the right coronary artery origin (c) was
visualized with the extent of the
dissection plane stopping distal to the
right coronary artery ostia. With slight
lateral flexion of the probe, the right
coronary artery (d) is better visualized
suggesting its origin from the true
lumen. Demonstration of the true and
false lumens in the aortic arch
demonstrating intussusception at that
level (e, f). The true lumen appears as
the central channel and extends near
the ostia of the left subclavian artery
(9). The dissection extended through
the entire descending thoracic aorta
into the abdominal aorta and thrombus
is noted (star) in the false lumen (h—k).
Near the mid-thoracic level a large
pleural effusion (arrow) is noted
separating the aorta from the typical
lung interface.
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Case 5.6 Arch aortic dissection with
retrograde extension. An intimal flap is
noted in the ascending aorta beginning
at the level of the sinotubular junction
above the right coronary artery in the
longitudinal plane. Horizontal views
(b, ¢) obtained in progression of the
ascending aorta demonstrate an intimal
flap with no obvious entry site.
Longitudinal views of the distal
ascending aorta and the proximal aortic
arch demonstrating a large transverse
intimal tear corresponding the drawing
opposite the innominate artery. The
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dissection stopped in the aortic arch as
demonstrated by a normal descending
aorta (e). Color flow Doppler
demonstrating disturbed blood flow
through the true lumen produced by
the dissection plane, with marked
disturbance of blood flow
demonstrated through the entry site (g,
h) at the arch level between the true
and false lumen.
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Case 5.7 Chronic ascending dissection.
Chronic dissection limited to the
ascending aorta and arch in an elderly
hypertensive patient presented for TEE
to rule out cardiac source of embolus.
The patient admitted to an excruciating
bout of chest pain approximately 3
months prior and was cleared by CT
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scan. Symptoms of a transient
ischemic attack followed 2 months
later. Multiplane TEE examination
revealed a partially thrombosed false
lumen in the ascending aorta that
extended through the aortic arch and
ending in the descending aorta.
Horizontal views of the ascending
aorta from the upper esophageal
window demonstrate thrombus (arrow)
totally occluding a false lumen with
partial occlusion in the distal
ascending aorta. An echo free space
surrounds the aorta proximally
suggesting effusion in the transverse
sinus, which produces an echo-free
space and separation (d) between the
aorta and the superior vena cava.
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Longitudinal views at 115° (f-i)
illustrate the extent of thrombosis of
the false lumen adjacent to the
proximal and distal walls of the aorta
with a central true lumen. Horizontal
view of the proximal descending aorta
(j—0) demonstrating the false lumen
ending in the mid descending aorta.



Diseases of thethoracic aorta 535



Atlas of multiplane transesophageal echocardiography: volumel 536

Case 5.8 Ascending aortic aneurysm
and arch dissection. Longitudinal
views of the aortic root (a) demonstrate
aneurysmal dilatation with progressive
dilatation of the ascending aorta with
distortion of the sinus of Valsalva with
an intimal flap noted starting near the
sinotubular junction producing
disturbed blood flow with color
Doppler (b). A longitudinal entry site
is noted proximal to the origin of the
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innominate artery in the proximal
aortic arch. Note the overlapping
appearance of the intimal flap and
separation (arrow) during the cardiac
cycle (c-e). Flow between the true and
false lumen produces a swirling effect
with color Doppler (f).

Case 5.9 Mediastinal hematoma and
aortic dissection. Mediastinal
hematoma as well as pericardial
effusion are frequent complications
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noted in patients with aortic dissection
and aortic transection. Mediastinal
hematoma tends to exhibit increased
echogenicity rather than an echo-free
space as in simple effusions due to the
effects of hemorrhage. Large
hematoma (a—d) producing marked
external compression of the right and
left atrium in views obtained from the
mid-esophageal window is
demonstrated in an ascending aortic
dissection. In the lower esophageal
window, the atria are both visualized
(e) and appear normal, suggesting that
the hematoma is not causing
significant hemodynamic compromise
due to the inability to fill the atria.
Horizontal views of the proximal
descending aorta exhibit moderate
atherosclerotic disease without
extension of the dissection.
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Case 5.10 Mediastinal hematoma and
ascending dissection. Large
mediastinal hematoma (a) associated
with an ascending aortic dissection.
The transverse sinus is markedly
enlarged secondary to the hematoma
(star) as suggested by the displacement
and compression of the superior vena
cava (b). Views of the ascending aorta
demonstrating an intimal flap (c) at 0°
from the upper esophageal window.
With a longitudinal view at 110° (d)
the intimal flap is demonstrated
including hematoma in the transverse
sinus displacing the right pulmonary
artery.
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Case 5.11 Aortic arch dissection with
left coronary involvement.
Longitudinal views of the ascending
aorta (a, b) demonstrating a retrograde
extension of an aortic arch dissection,
with the entry site depicted in (c). A
large false lumen (star) is demonstrated
in horizontal views (d-f) with a very
small compromised true lumen
especially at the origin of the left main
coronary artery (f). EKGs
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demonstrated anterior wall ischemia
and injury pattern.

Case 5.12 Ascending dissection with
intussusception. The majority of aortic
dissections extend in a longitudinal
axis along the length of the aorta.
Rarely, there is a circular disruption of
the intima and media producing
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intimointimal intussusception. The true
lumen encompassing the intima
becomes completely invaginated in the
false lumen and may produce total
occlusion of the aorta or the great
vessels. Sequential horizontal views
along the ascending aorta
demonstrating a circumferential
disruption with a central true lumen
(a—c). Views of the distal ascending
aorta at 0° (d) and 60° (e)
demonstrating near collapse due to the
dramatic in-folding of the intima lining
which may severely compromise flow
through the true lumen and eventually
the great arteries. The dissection is
seen extending to the proximal
descending aorta (f) and dramatically
stops in the mid-descending aorta (g)
with reconstitution of a normal lumen.
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Case 5.13 Ascending dissection
associated with a descending aortic
aneurysm. Horizontal and longitudinal
views of the ascending aorta (a—d)
demonstrating a highly mobile intimal
flap extending up to the right coronary
cusp. The aortic valve (arrows) in (a)
and the left coronary artery (b) do not
appear compromised by the dissection.
The false lumen (star) is demonstrated
with an entry site (arrow) in the
proximal aorta.
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Views of the proximal aortic arch (e, f)
demonstrate an exit site and extension
of the dissection at the mid-arch level.
The distal aortic arch (g) exhibits a
thrombosed hematoma in the false
lumen (star) and is enlarged. The
descending aorta (h) is obviously
enlarged with spontaneous echo
contrast (star) swirling in the aortic
lumen.
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Case 5.14 Arch dissection.
Longitudinal and horizontal views (a—
e) exhibit an arch dissection with a
transverse intimal entry site with
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retrograde extension to the right
coronary cusp. The false lumen is
partially thrombosed at its distal extent
(arrow). Flow disturbance is noted in
the true lumen in the proximal aortic
root. Color flow Doppler exhibited
phasic flow during a cardiac cycle
from the true to false lumen (f-k). The
dissection extended in a longitudinal
fashion antegrade throughout the
descending aorta (l-q), with much of
the false lumen exhibiting thrombosis.
TL, true lumen.
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Case 5.15 Descending aortic
dissection. A DeBakey type Il aortic
dissection is demonstrated with a
normal ascending aorta (a). Horizontal
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view of the distal aortic arch (b)
demonstrates normal origin of the left
subclavian artery however it appears
slightly distorted. An entry site (c) is
depicted distal to the subclavian artery
with color Doppler (arrow). True and
false lumens are demonstrated in the
descending aorta extending to at least
the diaphragm at 0° (d) and 90° (e).

Case 5.16 Complication of aortic
dissection. Aortic rupture. Rupture of
the aorta is a devastating complication
of aortic dissection that occasionally
may be detected with multiplane TEE.
Color flow Doppler in a descending
thoracic aorta dissection demonstrating
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an entry site and flow (a) between the
true and false lumen in the proximal
descending aorta distal to the origin of
the left subclavian artery. Flow
detected in the false lumen with flow
detected outside of the adventia
(arrow) denoting a rupture of the false
lumen that was detected at the time of
surgery. TL, true lumen; FL, false
lumen; IT, intimal tear entry site; R,
rupture site.

Case 5.17 Complication of aortic
dissection. Aortic rupture.
Longitudinal views of a descending
aortic dissection (a, b) demonstrating a
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partially thrombosed false lumen and a
large pleural effusion as represented by
an echo-free space interposed between
the aorta and the lung interface in the
mid-chest level. Pleural effusion may
be the result of rupture or diapedisis
and bleeding into the chest cavity or as
a reactive process due to inflammation.
Bloody pleural effusions associated
with descending aortic dissection
constitute a surgical emergency. On
closer inspection, there appears to be
spontaneous echo contrast in the
pleural effusion and a tear (arrow) is
visualized in the outer wall of the false
lumen (c). With color flow Doppler;
blood flow (d) is detected entering the
tear towards the pleural effusion. Ao,
true lumen of the descending aorta;
PL, pleural effusion.
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Case 5.18 Complication of aortic
dissection. Aortic rupture. Horizontal
views of a descending aortic dissection
(@), with high resolution TEE and low
aliasing velocity in the zoom mode of
a thickened portion of the aortic wall
adventia in a large dissection segment.
Flow is detected (b, ¢) within and
through the wall with color Doppler
and presumably may represent
diapedisis or an impending rupture in
that segment of aortic dissection. There
is an echo free space in the far field
that represents a pleural effusion. AW,
aortic wall; PL, pleural effusion.
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Case 5.19 Aortic dissection and severe
aortic regurgitation. Aortic
regurgitation is a frequent
complication associated with aortic
arch dissection as a result of disruption
of the aortic valve cusps from a
retrograde dissection plane or prolapse
of the intimal flap into the aortic valve
annulus interfering with valve closure.
Severe aortic regurgitation
demonstrated with color flow Doppler
in the five-chamber view obtained
from the mid-esophageal window (a).
Modified views of the aorta from the
lower esophageal window demonstrate
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a large aorta with disturbed and high
velocity flow in the true lumen.
Longitudinal views of the aortic root
(c) and ascending aorta (d) at 90°
demonstrate disruption of the valve
cusps and the intimal flap (arrow) that
resulted from retrograde dissection into
the ascending aorta.

Case 5.20 Aortic dissection and severe
aortic regurgitation. Aortic arch
dissection with retrograde dissection to
the ascending aorta and antegrade
dissection to the descending aorta.
Horizontal views of the proximal
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ascending aorta superior to the aortic
valve plane (a) and at the level of the
origin of the left coronary artery do not
demonstrate extension of the intimal
flap. With withdrawal of the probe the
dissection plane and intimal flap
(arrow) appear in view with color flow
Doppler demonstrating disturbed flow
in the true lumen (c, d).

Longitudinal views demonstrating
severe aortic regurgitation (e) and
prolapse of the intimal flap into the
aortic valve annulus during continuous
phases of the cardiac cycle (f-h).
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The entry site is noted in the proximal
aortic arch with antegrade extension of
the dissection plane longitudinally to
the descending aorta (i-I).
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Case 5.21 Surgical photographs demonstrating
supracommissural graft replacement of the ascending
aorta in the setting of an ascending aortic dissection
without aortic root involvement. (a) The aorta is
divided and opened and demonstrates the ectatic lumen
of the ascending aorta above the sinotubular junction.
The intimal flap is identified above the junction of the
right coronary and non-coronary cusp. (b) After
excision and removal of the dissection flap pledgets are
sewn to the residual remaining aorta to reconstruct and
reinforce the aortic walls and allow for attachment for
the tubular aortic graft.
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A surgical graft is first sewn to the
proximal aorta followed by attachment
to the proximal aortic arch (e-f). When
commissural detachment is detected
re-suspension of the aortic valve is
performed in addition to inserting a
graft. If the aortic valve is severely
damaged necessitating a prosthetic
evalve an aortic valve composite graft
IS inserted.

Case 5.22 Postoperative TEE
following an aortic valve composite
graft replacement of the ascending
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aorta. Horizontal and longitudinal
views of a composite bioprosthetic
valve-graft. In the horizontal views the
typical shadowing of the anterior
circumference of the prosthetic graft is
visualized with the total circumference
of the graft seen with slight
manipulation of the probe. The Dacron
graft material is readily visualized
echocardiographically as two bright
parallel lines in the longitudinal planes
extending through the aortic root and
ascending aorta to the level of the
aortic annulus. With close inspection,
corrugation (zigzag of the graft
material artifact) of the graft material
is visualized in the lateral fields of the
image sector. LA, left atrium; RA,
right atrium; AV, prosthetic aortic
valve; LV, left ventricle, G, surgical
graft.
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Case 5.23 Postoperative TEE following a
supracommissural graft replacement of the ascending
aorta. Surgical aortic graft visualized with TEE.
Normal short-axis view of base of the heart (a)
demonstrating a normal aortic valve and sinus of
Valsalva. As the probe is withdrawn, the typical
echocardiographic appearance of the graft (b) is
demonstrated beginning near the sinotubular junction.
Longitudinal views obtained at 100°, demonstrate the
graft in the position of the ascending aorta (arrows).
Note the graft rarely assumes the same contour as a
normal ascending aorta and usually appears straighter
and more rigid. On occasion kinking of the graft is
demonstrated which must be communicated to the
surgeon.
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Case 5.24 Postoperative TEE
following a Cabrol procedure. To
surgically address coronary
involvement with ascending
dissections the coronary arteries need
to be attached to the aortic graft. The
coronary ostia may be excised in a
button fashion and then anastomosed
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to the ascending aorta or an interostial
Cabrol-type surgical graft is created
and the graft is anastomosed with the
aortic prosthesis. Coronary flow
should be interrogated with
postoperative TEE in either procedure.
Horizontal views of the ascending
surgical graft in short axis (a, b), with
color flow Doppler (c) blood flow
should be seen filling the entire graft.
Longitudinal views (d—f) demonstrate
the aortic graft and the interostial
surgical graft represented in cross-
section by two circles (arrows)
bordering the aortic graft in the
vicinity of normal coronary artery
anatomy. Color flow Doppler should
demonstrate flow in the interostial
grafts with a successful repair.
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Case 5.25 Postoperative TEE
following an elephant trunk procedure.
In cases requiring replacement of large
segments of aorta, the surgery may
require two surgical incisions with a
multiple stage procedure. When both
the aortic arch and descending aorta
need to be replaced, an elephant trunk
procedure may be performed. Briefly,
this technique involves replacing the
proximal aorta in the usual fashion;
however, the anastomosis for the distal
segment of the graft is attached to
allow the end of the graft to remain
freely floating in the aortic lumen of
the descending aorta. In the second
procedure, the end of the graft may be
easily obtained and anastomosed to a
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second aortic surgical graft or attached
to a different segment of aorta that is
free of disease. With TEE an elephant
trunk aortic graft (a—d) is easily
visualized in horizontal or longitudinal
views as a tube within a tube with its
full extent visualized downstream of
the aorta.

Case 5.26 Postoperative TEE
following an elephant trunk procedure
for total aortic replacement for an
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aortic aneurysm. Horizontal and
longitudinal views of a
supracommissural surgical graft of the
ascending aorta. The surgical graft is
easily seen within an enlarged aorta
with proximal anastomosis near the
sinotubular junction (a—d). The
surgical graft is less well seen in views
of the aortic arch near the graft
insertion (e, f).
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Views of the descending aorta with the
freely floating end of the graft
downstream (g—m).



Atlas of multiplane transesophageal echocardiography: volumel 568

TEE imaging and color flow Doppler
demonstrating normal appearance and
functioning of an elephant trunk
prosthesis. Note the end of the trunk
expands in systole (I) and narrows
progressively in diastole (j—m).
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Case 5.27 During surgical repair for
extensive aortic dissection TEE may
be useful for determining accurate
aortic cannula placement to the true
lumen and not to the false lumen for
performing adequate cardiopulmonary
bypass. Visualization of the distal
descending aorta (a—c) with extensive
dissection with TEE the false lumen is
partially thrombosed and the true
lumen is extremely compromised as
exhibited by a small slit like lumen in
comparison to the normal aortic
contour. An aortic cannula is placed in
the left femoral artery in what is
thought to be the true lumen.
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Before instituting cardiopulmonary
bypass a fluid bolus is administered to
the aortic cannula and
echocardiographic contrast is noted (d—
g) filling the small slit like true lumen.
Although most of the contrast fills the
true lumen a small amount appears late
in the false lumen that fills under
pressure retrogradely from the true
lumen to the false lumen through distal
exit sites.
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Case 5.28 Multiplane TEE and
echocardiographic contrast
demonstrating flow in the false lumen
during cardiopulmonary bypass
suggesting inadvertent placement of
the aortic cannula in the false lumen
instead of the true lumen of the aortic
dissection.
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Case 5.29 Multiplane TEE and
echocardiographic contrast
demonstrating good flow during
cardiopulmonary bypass to the
proximal ascending aorta and arch with
femoral cannulation, which
demonstrates adequate perfusion
during cardiopulmonary bypass.
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Case 5.30 Intramural hematoma.
Multiplane TEE finding of intramural
hematoma of the aorta consists of a
localized thickening of the aortic wall
greater than 7 mm producing a circular
or cresentric shape to the contour of
the aortic lumen, without
demonstration of an intimal tear or
flap. 1t may be difficult to distinguish
an intramural hematoma or aortic
debris with intraluminal thrombosis or
from a classic aortic dissection with a
thrombosed false lumen. Ao, aorta.
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Case 5.31 Intramural hematoma (star)
of the descending thoracic aorta.
Thickening of the aortic wall is
visualized with a distinct homogenous
appearing echogenicity that appears to
be within the aortic wall. In the
vicinity of the intramural hematoma
the aortic lumen is not significantly
compromised and the hematoma is
causing mild displacement of the aortic
wall inward towards the lumen as well
as outward from the vessel lumen
towards the adventitia. Ao, aorta.
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Case 5.32 Ulceration of aortic
atheroma. TEE views of severe
atherosclerotic pathology involving the
ascending aorta and aortic arch (a—d).
Intimal thickening and calcification is
seen in the proximal ascending aorta
near the sinotubular junction and the
origin of the left subclavian artery.
Intimal thickening with an ulcer crater
(c) is noted in the distal ascending
aorta. Ulcerative atheroma is
frequently observed in the descending
aorta and abdominal aorta with
imaging modalities such as CT
scanning with the true clinical
significance being unknown. LA, left
atrium; Ao, aorta; SA, subclavian
artery.
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Case 5.33 Penetrating aortic ulcerative
plaque. In contradistinction to simple
atheroma ulceration, penetrating
ulcerative plaques are more extensive
presenting with similar signs and
symptoms to a classic aortic dissection.
With TEE aortic ulcers are associated
with adventitial hematoma or
pseudoaneurysm formation, with
mediastinal fluid or pleural effusion
near the affected aortic segment.
Meticulous, multiplane TEE
examination of the aorta (a—d) may
reveal a small protrusion (arrow) at or
near an atheromatous plaque which
projects deep into the medial-advential
wall layer. Ao, aorta.
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Case 5.34 Penetrating aortic ulcerative
plague. Multiplane TEE examination
of the descending aorta in zoom mode
demonstrates an ulcer crater or
disruption of the intimal layer
extending into the media. Spontaneous
echocardiographic contrast (arrow) is
visualized adjacent to the area of
ulceration, which probably is why
ulcerative plaques are frequently
associated with intraluminal thrombus
formation due to localized disturbed,
slow blood flow. Ao, aorta.
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Case 5.35 Penetrating aortic ulcerative
plaque. Multiplane TEE demonstrating
a penetrating ulcerative plaque in the
mid-descending aorta and adventitial
hematoma (a—f).
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B h

Color flow Doppler may demonstrate
flow within the area of the aortic ulcer
(arrow), tracking into the subjacent
hematoma where lower velocities are
detected (c, ). The false lumen (star)
is thrombosed in various stages distal
to the ulcer crater (f-h).
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Rarely the adventitial pseudoaneurysm
extends the length of the descending
aorta and results in a typical distal
aortic dissection (g—k).



Diseases of the thoracic aorta 581

Case 5.36 Penetrating aortic ulcerative
plague. Multiplane TEE examination
of a severely calcified and
atherosclerotic aorta. An ulcerative
aortic plaque is demonstrated with a
large, nearly occlusive intraluminal
thrombus (b—d). Visualization of the
heart demonstrated a large pericardial
effusion, which was bloody on
analysis.
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Case 5.37 False positive echocardiographic findings
for an intimal flap may occur as a result of plaques near
the aortic valve (a), producing lateral resolution
artifact; thickening or calcification causing
reverberations may be produced from other cardiac or
thoracic structures; as well as the use of excessive gain
may introduce abnormal echos in the aortic lumen.
Linear artifacts are frequently visualized in the
ascending aorta associated with severe plaque or when
the aortic is larger than the left atrium (b—d).
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The echo interface between the aorta and the lung in
the proximal descending aorta produces a typical
appearance that may be confused with a false lumen or
double barrel aorta (e—g). Fluid in the transverse sinus
separating the proximal ascending aorta and the
pulmonary artery may also be confused with a false
lumen (h—j).
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Large thoracic artery branches of the
descending aorta as well as an azygous
vein may produce findings that suggest
an intimal flap and false lumen (k-0).
Appreciation of the anatomy from
multiple multiplane views readily
distinguishes them from aortic
dissection.



Diseases of thethoracic aorta 585

Case 5.38 Aortic aneurysm associated
with Marfan’s syndrome. Sequential
horizontal images (a—c) with
corresponding longitudinal views (d-f)
from the aortic valve to the mid
ascending aorta demonstrating an
enlarged aorta with annuloaortic
ectasia.
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Annuloaortic ectasia is best described
by the lack of the normal definition of
the sinus of Valsalva and the normal
narrowing at the sinotubular junction.
Ascending aorta (g), descending aorta
near the origin of the subclavian artery
(h), mid-descending thoracic aorta.
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Case 5.39 Aortic aneurysm. Sequential multiplane
horizontal TEE images demonstrating a large
ascending aorta (a, b), aortic arch and markedly
enlarged descending thoracic aorta. Intraluminal
thrombus (c-i) is detected in the distal aortic arch and
extends to various degrees throughout the entire
descending aorta.
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Spontaneous echocardiographic
contrast (h, i) is noted in the distal
most segment of the descending aorta
at the level of the diaphragm.
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Case 5.40 Aortic stenosis, post-
stenotic dilatation and a descending
aortic aneurysm. Horizontal view (a)
of the aortic valve suggests moderate
aortic stenosis. Deep transgastric view
(b) demonstrating mild post-stenotic
dilatation of the ascending aorta.
Horizontal views (c—q) of the distal
aortic arch and descending thoracic
aorta demonstrate diffuse intimal
thickening with calcified plaque and
spontaneous echocardiographic
contrast within an increased
intraluminal diameter consistent with a
descending thoracic aortic aneurysm.
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Longitudinal views (h, i) of the
ascending aorta depicting post-stenotic
dilatation distinct from an aneurysm
located in the arch and descending
aorta. Note post-stenotic dilatation
usually presents as an eccentric
dilatation towards and accentuating the
greater curvature of the ascending
aorta.
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Horizontal (j) and longitudinal (k)
views of the ascending aorta obtained
from the upper esophageal window.
Longitudinal view (l) of the distal
ascending aorta at 90° demonstrating
discrete enlargement of the aortic arch.
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Case 5.41 Aortic rupture and aortic aneurysm.
Multiplane examination of a patient with Marfan’s
syndrome presenting with 3 days of symptoms
suggesting an aortic dissection. Gastric short-axis view
(a) at the left ventricular level at 0° demonstrates left
ventricular hypertrophy and a moderate pericardial
effusion. Longitudinal view of the aortic root (b) at 90°
from the mid-esophageal level demonstrate
annuloaortic atresia. Horizontal views of the aortic
valve yield a dilated aortic annulus (c) and sinus of
Valsalva at the coronary level (d). The ascending aorta
(e) is grossly dilated with dilatation of the innominate
artery (f).
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Color Doppler (g) demonstrating aortic
insufficiency in a standard longitudinal
view of the aortic root. With minor
manipulation of the probe in zoom
mode a rupture in the aorta is
demonstrated as a false pouch (h) in
the aortic wall with flow detected
through the area of the rupture (i, j).
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Case 5.42 Ascending aortic aneurysm.
Annuloaortic ectasia of the ascending
aorta in serial horizontal views (a—h)
starting at the aortic annulus through
the ascending aorta. The intraluminal
diameter of the whole aortic root
remains constant and dilated
throughout.
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Case 5.43 (right) Stenotic bicuspid aortic valve and
post-stenotic dilatation of the ascending aorta. Stenotic
bicuspid aortic valve in the horizontal (a) and
longitudinal plane (b). Eccentric intraluminal dilatation
of the aorta is noted from the sinotubular junction to
the aortic arch (c). Note the dilatation is greater
towards the greater curvature (d) of the ascending
aorta. The distal aortic arch (e) and descending thoracic
aorta do not appear to be involved ().
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Case 5.44 Bicuspid aortic
valve and ascending aortic
aneurysm. Pre- and post-
operative multiplane TEE.
Bicuspid aortic
regurgitation is present
along with marked
aneurysmal dilatation of
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the ascending aorta
extending to the aortic
arch (a-d). In
transthoracic images (e, f)
note the abrupt reduction
of aortic dimension near
the origin of the
descending thoracic aorta
(e), illustrating a
coarctation. Color flow
Doppler (f) illustrating
increased velocity and
disturbed flow through the
coarctation. Normal
descending thoracic aorta
(9) in dimension.
Postoperative
demonstration of surgical
aortic graft in the
horizontal (h) and
longitudinal (i) views.
Zoom mode of the distal
anastomosis graft site (j)
to the aortic arch, with
color flow Doppler (k)
essentially normal and
undisturbed flow is seen
exiting the aortic graft.
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Case 5.45 Aortic arch and
descending aortic
aneurysm. Sequential
multiplane TEE imaging
of aneurysmal dilatation
of the aortic arch and
descending aorta. Normal
aortic root and ascending
aorta in longitudinal view
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(a). Note the exaggeration
of the transverse sinus
between the ascending
aorta and the right
pulmonary artery.
Horizontal view of the
ascending aorta,
demonstrating normal
aortic dimension with
enlargement of the
transverse sinus
surrounded by the right
pulmonary artery, superior
vena cava and aorta.
Longitudinal view of the
distal ascending aorta
demonstrating discrete
aortic luminal
enlargement at the
proximal aortic arch (c).
Aortic enlargement of the
proximal descending aorta
with progressive
narrowing of the aorta
with normal dimensions
noted in the distal
descending thoracic aorta
(d-h) at the diaphragm
level.
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Case 5.46 Acquired sinus
of valsalva aneurysm.
Longitudinal view of the
ascending aorta
demonstrating discrete
dilatation of the right
sinus of Valsalva in
systole (a) and diastole (b)
with disturbed aortic
blood flow with color
flow Doppler (c, d). Deep
transgastric view (e)
demonstrating the typical
appearance of an acquired
sinus of Valsalva
aneurysm in zoom mode

().
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Case 5.47 Saccular aneurysm of the ascending
aorta. Multiplane TEE examination
demonstrating a saccular aneurysm that
developed as a complication following coronary
artery bypass surgery. A discrete dilatation is
present of the greater curvature of the anterior
surface of the ascending aorta following surgery
involving the use of a partial occlusion aortic
clamp. A saccular aneurysm is well-visualized
from the deep transgastric (a), longitudinal
aortic long axis (b), and horizontal short axis
from the upper esophageal view (c).
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In a similar patient two small saccular
aneurysms have developed at the site of
proximal saphenous vein graft anastomosis,
aortic long axis (d, e) and short axis (e). Color
flow Doppler demonstrating flow in and about
the saccular aneurysms (g, h).
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Case 5.48 Discrete aortic arch aneurysm
associated with severe atherosclerotic disease.
Circumferential calcification of the entire
ascending aorta is demonstrated in serial
horizontal views (&, b) and long axis (c).
Extensive aortic wall plaque is demonstrated in
the aortic arch with moderate luminal dilatation.
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Color flow Doppler
illustrates marked
disturbed flow in the
region of the aortic debris
(f-J) with narrowing and
high velocity flow through
the origin of the left
subclavian artery
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Case 5.49 Saphenous vein
graft aneurysm.
Multiplane TEE
visualization of a diffuse
aneurysm of a saphenous
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vein graft, 2 years
following coronary artery
bypass surgery. A large
circular cavity with a
similar diameter to the
ascending aorta, is imaged
lateral to the right atrium
in mid-esophageal short-
axis view at 0° (a) and
longitudinal long axis at
90° (b). Deep transgastric
view of the ascending
aorta showing a large out
pouching of the area near
the saphenous vein graft
anastomosis. With saline
injection echo contrast
filling the right atrium, the
vein graft aneurysm is
delineated from the right
atrium and demonstrates
no communication with it
(d, e). Color flow Doppler
of the right atrium and
right saphenous graft
aneurysm.
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Case 5.50 Saccular
aneurysm. Large saccular
aneurysm of the
descending thoracic aorta
at approximately the
upper mid-level at 28 cm
from the incisors. Short
axis view (a) and long
axis (c) of the descending
aorta demonstrating a
wide neck saccular
aneurysm, which fills with
color flow Doppler (b, d).
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Case 5.51 Atherosclerotic disease. Severe
calcific atherosclerotic disease of the entire
aorta. Serial longitudinal images of the
ascending aorta (a) and aortic arch (b, c),
followed by horizontal images of the
descending aorta (d-i).
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Note marked
circumferential

calcification in the aortic
wall, with marked intimal
thickening amid bright
white lines of
echogenicity, and
shadowing artifact
paralleling the aortic
outline which is best
appreciated in
longitudinal planes.
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Case 5.52 Atherosclerotic disease. Severe
calcification of the ascending aorta outlining the
entire aorta in deep transgastric views 0° (a) and
35° (b). Longitudinal long-axis views of the
aortic root (c) and ascending aorta (d). Severe
circumferential calcification of the aorta may be
denoted as a porcelain aorta. With a porcelain
aorta, the aortic walls are lined with plates of
calcium producing an eggshell appearance on
diagnostic imaging and a firm hard sensation on
palpation of the aorta during manipulation at
surgery.



Diseases of the thoracic aorta 613

Case 5.53 Atherosclerotic disease. Discrete
severe atherosclerotic disease of the distal
ascending aorta and aortic arch. Intimal
thickening with plaque is demonstrated in the
distal ascending aorta (a) with severe narrowing
of the aortic arch (b). Distal to the obstruction a
large luminal filling thrombus is detected
originating from an atheromatous ulcer in the
distal aortic arch (c-f).
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Case 5.54 Atherosclerotic
disease. Atherosclerotic
disease involving the
aortic arch with mild
plaque at the origin of the
left subclavian (a) and
severe narrowing of the
origin of the left carotid
artery takeoff (b). Color
flow Doppler (c, d) failed
to demonstrate flow to the
left carotid, which was
substantiated with
arteriography.
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Case 5.55 Atherosclerotic
disease. Severe
atherosclerotic disease
involving the descending
thoracic aorta with debris
noted as a thrombus with
a large tail (a—d) moving
with each aortic pulse, in
sequential short-axis
horizontal views.
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Case 5.56 Atherosclerotic
disease. Severe
atherosclerotic disease
involving the ascending
aorta (a—d). Plaque is
noted near the origin of
the right coronary artery
(a) with discrete
segmental involvement of
multiple sights in the
ascending (b, c) and
descending aorta (d).
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Case 5.57 Atherosclerotic
disease. Atherosclerotic
plaque at the origin of the

right coronary artery (a)

with mild disease of the

ascending aorta (b).

Severe intimal thickening

and plaque is noted

starting in the distal aortic

arch (c) and descending
thoracic aorta (d).
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Case 5.58 Atherosclerotic
disease. Marked
ascending aortic
atherosclerosis with
discrete debris in the
horizontal (a) and
longitudinal (b) views.
Severe atherosclerotic
debris of the proximal
descending aorta (c) with
associated near total
obstruction of the mid-
descending thoracic aorta

(d).
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Case 5.59 Aortic
transection. Traumatic
aortic intimal tears appear
as thin, mobile
intraluminal projections
emanating from the aortic
wall close to the aortic
isthmus. Short-axis
proximal descending
thoracic aorta (a) and in
zoom mode (b)
demonstrate an intimal
aortic tear. Since intimal
tears are small, the aortic
contour and diameter
usually remain normal and
pseudoaneurysms usually
do not occur.
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Case 5.60 Aortic
transection. Traumatic
aortic tear with associated
subadventitial disruption.
TEE demonstrates an
abnormal thick
intraluminal flap that
produces a non-
symmetrical aortic
deformity. In longitudinal
views the medial flap is
nearly perpendicular to
the aortic isthmus, which
traverses vertically. Color
flow Doppler
demonstrates disruption of
aortic blood flow in the
vicinity of the aortic tear,
which oscillates with each
cardiac cycle and
spontaneous contrast may
be demonstrated between
each layer of the aortic
wall.
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Case 5.61 Aortic transection. Traumatic
aortic intimal tear with a small
subadventitial disruption following an
automobile accident. Views of the
ascending aorta (a), arch (b) and left
subclavian origin (c) are normal. A small
intimal tear (d) is demonstrated on long
axis view of the descending aorta just
distal to the subclavian takeoff in the
isthmus region. Short axis of the intimal
tear (e) yields a small subadventitial
disruption producing echogenicity within
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the wall of the aorta with mild aortic
deformity. A circumferential disruption (f-
k) is demonstrated distal to the tear
extending throughout the descending

aorta.
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Case 5.62 Aortic transection. Complete
subadvential aortic disruption involves the
entire circumference of the aorta (a—e).
The aortic intima tear starting at the aortic
isthmus appears as a discontinuity of the
intimal-medial aortic layer, without
evidence of an intraluminal medial flap.



Atlas of multiplane transesophageal echocardiography: volume |

Case 5.63 Aortic transection. Mediastinal
hematoma frequently occurs with aortic
transection. An echo free space
representing bloody fluid is demonstrated
filling the transverse sinus (a—c)
surrounding the aorta producing a large
separation between the aorta and superior
vena cava, which produces an obvious
decrease in image quality. Other than the
mediastinal fluid the proximal aortic
anatomy appears normal. An aortic tear is
demonstrated near the aortic isthmus (d)

626
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associated with subadventitial disruption
in the proximal descending aorta (e),
which extends distally throughout the
entire descending thoracic aorta and
resembles a type Il dissection.

627
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Case 5.64 Aortic transection. Traumatic
aortic intimal tear originating at the aortic
isthmus associated with subadventitial
aortic disruption producing a large
pseudoaneurysm in an aorta with
significant pre-existing atherosclerotic
disease of the descending thoracic aorta.
The pseudoaneurysm was visible by chest
X-ray as a hazy enlargement of the
contour of the aortic bulb.
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Case 5.65 Aortic transection. Large
echogenic mediastinal hematoma in an
aortic transection sustained 48 hours
before multiplane TEE evaluation. A wide
echogenic space representing thrombus (a)
separates the ascending aorta and superior
vena cava in short-axis imaging from the
upper esophageal window, completely
obscuring visualization of the right
pulmonary artery. Hematoma in the region
of the takeoff of the great vessels almost
completely obscures the origin of the left
subclavian artery (b). Horizontal views of
the descending aorta demonstrate
discontinuity of the intimal medial layer
(c, d).
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Case 5.66 Aortic transection. The most
important ramification of a porcelain aorta
is that the severely calcific aorta cannot be
cannulated or cross-clamped without the
risk of producing rupture, intimal
laceration, dissection, or crushing of the
aorta. Preoperative multiplane assessment
of a porcelain aorta (a, b) with severe
atherosclerotic plague involving the distal
aorta (c, f).
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Immediately following removal of the
aortic cross-clamp and weaning from
cardiopulmonary bypass the aorta was
noted to swell with a visible hematoma
from the aortic cannulation site.
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Multiplane TEE evaluation (g—m) of the
aorta demonstrated a luminal defect at the
site of the aortic cannulation (i) with a
complete circumferential disruption of the
intimal-medial layer (j—m) similar to the
findings of an aortic transection.
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Page numbers in italics refer to illustrations; numbers
followed by ‘t” indicate tables

A
abnormal ventricular relaxation 490
abscess

annular (aortic) 227, 260

rupture 261, 263

annular (mitral) 179

annular (tricuspid), rupture 308

aortic bioprosthesis 643, 646, 647

with dehiscence 644

aortic homograft 660

mediastinal 740
abrupt deceleration-type injuries, aorta. See
aortic transection.
acquired bicuspid aortic stenosis 234
acquired sinus of Valsalva

aneurysm 435

definition 421
acquired ventricular septal defect, myocardial
infarction 522, 525
acoustic quantification (automated border
detection) 478
acute aortic regurgitation, demonstration 269
adipose tissue 678
adult congenital heart disease 753

TEE examination, how to 754
air, postoperative 912, 914
Alliance, monostrut valve 574, 576
ASE (American Society of Echocardiography),
training recommendations 33, 35-36t
Amplatzer septal occluder device 874
amyloidosis 490, 540
amyloid cardiomyopathy

amyloid infiltration 540



Index 643

demonstration 538
angiosarcoma 677, 723
ankylosing spondylitis, disease process 219-20
aneurysm
aortic 345
aortic acquired sinus of Valsalva without
rupture 259
vs. abscess 228
aortic arch 438
aortic regurgitation 528
aorto-mitral intervalvular fibrosa
pseudoaneurysm 228
annuloaortic ectasia 421, 429
ascending 420, 422
atherosclerotic 351, 442,
atrial septal 508
bicuspid valve and aortic 349
congenital sinus of Valsalva aneurysm 257
descending thoracic 384, 434
dissecting aneurysm, dissection. See aortic
dissection.
elephant trunk procedure
left ventricular, in setting of myocardial
infarction 517
Marfan’s syndrome 219, 346, 420, 427
cardiovascular spectrum 347
diagnosis 347t
group(s) 348
management 349
post-stenotic dilatation 424
pregnancy 350
pulmonary artery
saccular 345, 441
ascending 436, 437
descending
saphenous vein graft 440
sinus of Valsalva 350,
acquired aneurysm 435
rupture 427
with spontaneous echo contrast 423
anomalous coronary artery 771, 772
anomalous pulmonary venous return 756,
isolated 855
drainage of the right upper pulmonary vein
to the superior vena cava 757
annulus, aortic 201
mitral 43
anomalies (mitral 94)
tricuspid
annulus fibrosus 41, 43
annuloplasty ring, mitral 103
mitral orifice restriction by repair (SAM) 164



Index 644

ring type, factors affecting 105
antibiotic prophylaxis, American Heart
Association, 9, 10t
antiphospholipid syndrome 229
Antiphospholipid Antibodies in Stroke Study
Group 229
aorta, thoracic 4, 333

aneurysm. See aneurysm, aortic.

arch 343

atherosclerosis 363, 373

blind spot, occurring with

monoplane/biplane 334

coarctation 766

evaluation pre-CABG 909, 910

great vessels, take-off 342

Marfan syndrome 346

measurements 346t

normal anatomy 335t, 336t, 334, 335

ascending (tomography) 340, 341

pregnancy 349

pseudoaneurysm and coarctation 767

thoracic aortic tee views 27, 32, 337, 338,

deep transgastric 339
aortic arch 343
aortic dissection 351

antegrade extension 395,

aortic cannula, cardiopulmonary bypass 404,

406, 407

aortic regurgitation 392,

aortic rupture 389, 390, 391

aortic stress points 354

aortic involvement 370

arch 371, 373, 378, 381, 385

with retrograde dissection 374

ascending 355, 367, 368, 370, 378, 383

chronic dissection 375

classifications 353

DeBakey 352
Stanford 352

classic dissection, double barrel aorta 351,

351

complications,

mediastinal hematoma 379, 380

descending 388,

entry site(s) 354, 356

false lumen 352

thrombosed 376, 385

false positive echo’s 417, 418, 419

intramural hematoma 357, 408, 409

intussusception 382

penetrating aortic ulcerative plaque 358, 410,

411, 412, 413, 416
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pseudoaneurysm formation 415
re-entry site(s) 352
surgical correction 396
Cabrol procedure 399
composite graft 397, 398
elephant trunk procedure 400
and color flow Doppler 402
TEE evaluation 356
true lumen 354
typical course 353
aortic debris 362, 450
aortic graft
flow characteristics 357
normal and undisturbed flow 432
aortic homograft 559, 654
post-op evaluation 655
abscess 660
aortic plaques and debris, porcelain aorta risk
366
aortic regurgitation 219-227
bicuspid 244,
Doppler assessment 223, 239
following septal myectomy in hypertrophic
cardiomyopathy
pathologies 220
PISA (proximal isovelocity surface area) 224
regurgitant fraction 233
regurgitant orifice area (EROA) 223
severity 224, 228t
vena contracta 223
TEE assessment 222
aortic root 199, 336, 200, 207
Doppler normal color 209
aortic rupture 389, 390, 391, 427
aortic syndromes 346t
aortic stenosis 214-219, 230
bicuspid 249, 431,
Doppler assessment 216, 231
continuous-wave 217, 232
definition 214, 216
degenerative 214, 235
low cardiac output 216
planimetry 217, 230
post stenotic dilatation 424, 431
progression 216
Rheumatic (post-inflammatory disease) 214
TEE assessment
subvalvular stenosis 214, 236, 852
types 215
valve area 216
aortic ulcerative plaque 358
aortic valve (AV),



Index 646

anoretic drug use (Phen-fen) 256
bicuspid 207-212, 241
types 211,
cuspal orientation 246-247
cusp 202
Doppler color normal 204, 206
endocarditis 227
nonbacterial endocarditis 229, 255
perivalvular spread 262
aorto-mitral fibrosa
pseudoaneurysm 264
homograft
lunula 203
node of Arantius 203
normal anatomy 199-203
papillary fibroelastoma, aortic 227, 266
perforation, during surgery 918
prolapse 241, 242
prosthetic valve
quadricuspid 212-214, 213
repair 224, 228t, 225
rupture, traumatic 269
TEE evaluation 203-207
valvuloplasty 218
vegetation 227, 229, 252, 253
aortic valve complex 207, 210
aortic valve thickening
anorectic drug use association 256
aortic valve reparative techniques 224, 225
TEE evaluation 228t
aortic (balloon) valvuloplasty 218
role of TEE 219
aortic transection 360, 451, 454, 456, 457, 459,
461, 462, 919
and mediastinal hematoma 362, 460, 923
types 361
TEE evaluation in 361
vs. dissection 362
aortitis 359, 359
bacteremic seeding 360
syphilitic 360
aorto-mitral angle 62
aorto-mitral intervalvular fibrosa
pseudoaneurysm 228, 264
arterial switch surgery 775. See Jatene
procedure.
ACUTE trial (Assessment of Cardioversion
Using Transesophageal Echocardiography) 673
aspiration pneumonia 9
asymmetric septal hypertrophy 489
atherosclerotic aortic disease 362, 444, 445, 446,
447, 448, 449 450



Index 647

classification, scoring systems 363t, 364
complications 362
correlates 365
porcelain aorta 366
atrial fibrillation 472
SPAFF 111 472
atrial flutter 86, 472
atrial morphology 754
atrial septal aneurysm 757, 508, 783
atrial septal defect 755
closure device, role of TEE 758, 791
definition 755
Doppler and 756
physiologic consequence 755
surgical repair and TEE 758, 788, 789
types 756
coronary sinus type 758, 788
ostium primum 757, 782
ostium secundum 756, 777, 778, 779, 780,
783
sinus venosus
inferior type 758, 787, 789
superior type 757, 785
vs. patent foramen ovale
atrial septostomy 773
atrial septum 470
atrial situs 754
atrial switch surgery 774. See Mustard or
Senning procedure
atrioventricular cleft 757
atrioventricular concordance 753, 767
atrioventricular and inlet septal defects 762
atrium,
left
appendage
normal anatomy 471
double 847
right
normal anatomy 469
ATS Medical Open Pivot valve 583
automated border detection 478
AV groove dehiscence, prosthetic valve 606
azygous vein 757

B

bacterial endocarditis. See endocarditis.
balloon catheter procedure, TEE examination
development determination of new mitral
regurgitation and residual shunting 127
ball-cage prosthetic valve 607, 609

Barlow’s syndrome. See mitral valve prolapse
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Beall mitral prosthetic valve
Doppler continuous wave 624
forward flow, Doppler color-flow 625
Beall-Surgitool valve 571, 573, 624
Bernoulli formulae 68
bicuspid aortic valve 207-212
acquired 234
and aortic aneurysm 349, 432
endocarditis 252
stenosis 233
types 211
biopsy 872, 901
bioprosthetic valves
echocardiographic examination 558
tissue types 557
bioprosthetic valve degeneration 558
biventricular assist device 893, 894
bioprosthetic valves
echocardiographic examination 558-62
endocardiographic examination 558-9
tissue types 557
valve tissue 446-7
Bjork-Shiley aortic 574
aortic 576
both, aortic and mitral 614
both tricuspid and mitral 619
mitral 575
pannus 617
Blalock-Hanlon atrial septectomy 773
Blalock-Taussig shunt 774, 864
and tetralogy of Fallot 765
bone dystrophy 89
chronic renal failure 89
bradycardia 13
breast cancer 676
metastatic 730

C
Cabrol procedure 399
calcified chordae tendineae, mitral 144
calcific mitral stenosis. See mitral stenosis.
capillary hemangioma
right heart 718
Carbomedics, CPHV standard mitral valve 581
standard aortic valve 582
top hat aortic valve 583
carcinoid tricuspid stenosis 282
cardiac source of embolus 4, 267
antiphospholipid syndrome 229
cardiac tumors 675
biopsy 872, 901
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differential diagnosis 675t
incidence and location 675t
lipoma 676
malignant tumors 677
metastatic cardiac tumors 678
myxoma 676
pediatric tumors 677
papillary fibroelastoma 676
pseudotumors (echo) 678
tumors sensitive to chemotherapy 677t
cardiac transplant 545
cardiac trauma 875
pulmonary vein rupture 926
cardiomyopathy
constrictive 492, 541
dilated 488
hypertrophic 488, 534
restrictive 490, 540
CardioSEAL/StarFlex device 874
cardioversion, left atrial appendage velocity 472
pre-cardioversion TEE strategy 673t
carotid artery 342
Carpentier classification of Ebstein’s anomaly
769
Carpentier classification of mitral regurgitation
60, 73t
Carpentier and Duran techniques 287-90
Carpentier ring 287, 304
annuloplasty 96
surgical implantation 305
types and examples 104
Carpentier-Edwards bioprosthesis 586
Duraflex Low Pressure valve 588
Carpentier-Edwards Perimount valve 586
aortic 587, 626
vegetation 627
Carpentier mitral annuloplasty ring 103
central occluder
ball-cage valve 556
disk-cage valve 556
central shunt procedure 774, 864
Chiari network 470, 510
with thrombus 693
chordae tendineae, mitral 43-44
chordae anomalies 93
chordal transfer 98
fused 99
length
differences demonstrated 97
surgical technique 97
diagram 97
ruptured chordae tendineae, mitral repair 96



Index 650

chordal shortening 96
chronic pulmonary arterial hypertension 297
chronic rheumatic disease 76
clear cell carcinoma, kidney

right heart 719
cleft mitral leaflet 74, 188
closure devices

and atrial septal defect 874, 903

and ventricular septal defect, 905
cloth disintegration, prosthetic valve 573
coarctation of the aorta 766

associated with 766

discreet 766, 841

diffuse 766, 843

pseudoaneurysm and 767

TEE and 766

types 766
color kinesis 480
color M-mode Doppler 485, 486

constrictive vs. restrictive cardiomyopathy

492
commissural calcium

echocardiographic assessment 70
commissural fusion 66-7, 214-15

see also rheumatic aortic stenosis
commissures, aortic root 200
commissurotomy 66
commissurotomy associated 96
convexo-concave Bjork-Shiley valve 574, 575
congenital heart disease 753

surgeries 773, 864
congenital sinus of Valsalva aneurysm 257
congenitally corrected transposition of the great
arteries 767
congenital pericardial cysts, typical location 746
constrictive pericarditis 492, 541

Doppler in 544

vs restrictive cardiomyopathy 492
coronary artery

anomalous 771, 772, 833

Doppler flows 515

fistulae 771, 834, 837

normal 514

rupture, left anterior descending 929

thrombus 516
coronary artery bypass surgery and TEE 867,

utility 868
coronary sinus 469, 513
coronary sinus cannulation and TEE 870, 879
coronary sinus type, atrial septal defect 758
cor triatriatum 471, 770, 845

dexter 770, 831
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corrected transposition. See transposition of the
great arteries.

Cosgrove techniques of aortic valve repair 224
coxsackie viruses 215

crista terminalis 470, 873

cystic medial necrosis 350

D
D-transposition. SEE transposition of the great
arteries.
Damus-Kaye-Stamus procedure, and
transposition 767, 775, 864
DeBakey classifications aortic dissection 353,
352, 356
degenerative aortic stenosis 214
descending aorta. See aorta.
DeVega technique, tricuspid annuloplasty 290
dexfenfluramine 222
diapedesis of blood, through aortic wall 353
dilated cardiomyopathy (idiopathic) 488
with thrombus (LV) 689
diastolic filling pattern analysis (left ventricular
relaxation), Doppler color m-mode 486
diastolic function, left ventricle 480
assessment difficulties 483
color M-mode Doppler 485, 486
tissue Doppler 482
mitral inflow, Doppler interrogation
483, 484
pulmonary venous flow, Doppler
interrogation 484
diffuse hypertrophy, anteroseptal and
anterolateral wall 489
disc(k) erosion, prosthetic valve 572
dissection, aortic. See aortic dissection.
pulmonary artery. See pulmonary artery
dissection.
in pregnancy, clinical management and
surgical repair 350
Doppler examination, mitral valve (normal) 62—
66
Doppler pulsed sample volume deep, pulmonary
vein 84
Doppler TEE -vs- transthoracic approaches,
comparison 69
Doppler tissue imaging
velocity determination of myocardium
during systole 480
ventricular function 474
Duran mitral annuloplasty ring 104
Duran measurements ring sizers 104
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E
E/A velocity ratio 483
Ebstein’s anomaly 768, 827
Carpentier’s classification 769
Edwards MIRA valve, Edwards Life sciences
582
Eisenmenger’s syndrome 744
and patent ductus arteriosus 766
electrocardiogram, monitoring 14
electrode basket 909
electrophysiological procedures and TEE 873,
907
elephant trunk procedure 400, 403
elephant trunk prosthesis, TEE imaging and
Doppler color-flow (normal) 403
elephant-trunk graft, distal portion, expands in
systole and contracts diastole 356
elephant-trunk graft placement, outlet flow
dynamics observation, distal organ perfusion
357
endocarditis 4
indications for echocardiography (TEE) 4, 92
prosthetic valve 567
endomyocardial disease 690
epiaortic ultrasound 365
esophageal intubation,
conscious 10
unconscious 13
esophageal perforation 8
esophageal varices 745
as contraindications to performing TEE 745
vs. rugal folds 744
Eustachian valve 470,
prominent 742

F

false lumen. See aortic dissection.
fenfluramine 222

fibroelastic deficiency 76

fibroma 676, 677

filiform excrescences 677

Fontan, baffle stenosis and baffle leaks 775
Fontan procedure 775, 864

foramen ovale 470

Frank-Starling Law 480

fractional shortening of the papillary muscle
(FSPM) 54, 59, 480

free ventricular wall rupture 527, 528
fungal aneurysm, rupture 265

fungal endocarditis. See Endocarditis.
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fusiform aneurysms, of the thoracic aorta 346

G

Glenn shunt 774

global ventricular function 478

Gorlin formula 217

gradients and prosthetic stenosis, Doppler
interrogation 565

great arteries, anatomical preparation 296
great vessel anastomosis line 546

H
Hall-Kaster valve 574
Hancock bioprosthesis 585, 586
Hancock Il valve model 410
heart, visualization 17
heart transplant 545
hemangioma 676, 677
capillary 718
hematoma mediastinal 917, 923
oblique sinus 916
hemolysis, significant gradients 570
hepatic cyst 748
hepatocellular carcinoma, metastatic 720
hiatal hernia 678
hypertrophic cardiomyopathy 534
diagnosis 488
Doppler and 536
indices of successful correction 490
septal ablation for 489
SAM 535
surgical myectomy for 489
Hufnagel caged-ball valve 555
human aortic and pulmonary valves,
cadaveric human
hearts cryopreserved are availability for
implantation with/without 558
Hurler’s syndrome 89
hypoxia 13

|
idiopathic dilated cardiomyopathy. See dilated
cardiomyopathy.
idiopathic pulmonary artery dilatation
demonstration 310
indication for TEE,
for endocarditis 92
infarct. See myocardial infarction.
infective endocarditis
diagram 100
endocardial heart lining infection 90
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serial examination with TEE 91
surgical repair methods 100
inferior vena cava 95, 310, 469,
with thrombus 694
infiltrative cardiomyopathy 490
infracristal perimembranous ventricular septal
defect 806, 807
infundibular stenosis 317, 830
intimal calcifications, displacement 356
intimal flap
aortic dissection pathology 353
intimal tear, site identification 356
innominate artery 342
intra aortic balloon pump and TEE 869, 877
intracardiac biopsy 872-3
intramural hematoma 358
lonescu-Shiley valve 583
intramural hematoma 357
intussusception 382.
See also aortic dissection.
isolated anomalous pulmonary venous return
855
isovolumetric relaxation time 483
isthmus hypoplasia, in area of coarctation,
hourglass deformity 766

J
Jatene procedure 767
junctional rhythm 86

K

Kay technique, tricuspid annuloplasty 290
‘kissing vegetations,” leaflet margins, non-
bacterial endocarditis 185

L
labile hypertension, cardiac arrhythmia,
incidence reduction 11
L-transposition. See transposition of the great
arteries.
Lambl’s excrescence 227, 677
vs. papillary fibroelastoma 267
lamellar excrescences
LCA see left coronary artery
leaflets, mitral 39-43
anomalies 94
cleft mitral leaflet 188
left atrial appendage 471, 494, 496
and Doppler flow 472, 495
thrombus, smoke 498
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left atrial myxoma 676, 700, 702, 703, 705, 706,
707
complications 676, 708
recurrent 704
TEE diagnosis 676
left atrial thrombi 672
left atrium
markedly enlarged 118
left circumflex coronary artery 514
left coronary artery (LCA) 40
left fibrous trigone (LFT) 40
left pulmonary artery
normal systolic color-flow pattern 296
left ventricular aneurysm, myocardial infarction
517
left ventricular diverticula 537
left ventricular inflow tract
across the mitral valve flow velocity 132,
159
left ventricular outflow tract
flow contour of hypertrophic
cardiomyopathy 536
left ventricular thrombi 674
left subclavian artery, stenosis of 439
left superior vena cava, persistent 512
left ventricular end-diastolic pressure 485
left ventricular epicardial hematoma 929
left ventricular venting catheter 882
leukemia 678
LFT see left fibrous trigone
Libman-Sacks endocarditis 91, 185
Lillehei-Kaster valve 572
lipoma 676, 712, 713
vs. lipomatous hypertrophy 676, 678
lipomatous hypertrophy, atrial septum 470, 710,
711,737
liver cyst 748
lung cancer 676
metastasis 729
lupus erythematosus 91
lymphoma, aggressive 676, 724
malignant 731
non-Hodgkin’s lymphoma 725

M
malignant pericardial effusion
with metastasis 734
malalignment, defined 761
malignant tumors 677.
See also cardiac tumors.
malignant lymphoma
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pericardial effusion 731
malignant melanoma 678,
metastatic heart 721
malignant mesothelioma 678, 722
malignant pericardial effusion
breast and lung carcinoma 734
Marfan’s syndrome 219, 346
aortic rupture, and aortic aneurysm 427
ascending aortic aneurysm, annuloaortic
ectasia 345
cardiovascular spectrum 347
counseling prior to pregnancy 350
diagnosis 347t
group(s) 348
group I: fusiform ascending aneurysm
348
group Il: aortic dissection 348
group Il1: isolated mitral regurgitation
348
management 349
MCRI ON-X bileaflet aortic valve 584
MCRI ON-X bileaflet mitral valve 585
mechanical prosthetic valves
classification 556
mechanical support devices 871, 890, 893, 896
mediastinal abscess, tuberculosis, 740
mediastinal hematoma with aortic transection
362
and aortic dissection 379, 380
associated with aortic transection 923
hematoma transverse sinus 923
Medtronic Freestyle valve (aortic root
bioprosthesis) 589, 658
Medtronic-Hall valve (Hall-Kaster) 574, 577
metastatic tumors 678.
See also cardiac tumors.
metastatic hepatocellular carcinoma 720
metastatic breast carcinoma 730
MIRA valve, types 582
mitral annular calcification 89, 128, 129, 130,
739
severe mitral regurgitation 178
mitral annular dilatation 133, 137
mitral regurgitation 72,
classification 73
Carpentier types 74, 60
(1) normal motion 74
(1) excessive motion 75
(117) restricted motion 78, 157, 158,
159, 160, 161,
diagnosis 80
diastolic 80
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etiology 72t

flail leaflet 148

flow convergence 81

papillary muscle dysfunction 89
pathology 72

PISA 88

pulmonary venous flow indices 83
quantification 78, 79t
regurgitant fraction 82
regurgitant jet area 80
regurgitant orifice area 83
regurgitant volume 82

severity 80, 79t

vena contracta 81, 87

mitral regurgitation measurement, orifice area

mitral reparative technique 96
mitral ring sizers 103
mitral stenosis 66-68,

atrial fibrillation, pulmonary veins, 117
calcific 116

cleft mitral leaflet 188

congenital 186

definition 66

Doppler evaluation 68-69

left atrial appendage clot 114, 121
left atrial appendage smoke 117
marked left atrial enlargement 118
mild 109, 111

mitral valve orifice measurement 68-69
moderate 112, 115

planimetry

pfo (patent foramen ovale) 122
pressure-half time 69, 120

PISA 69, 119

pulmonary hypertension 122
Rheumatic 66

severe 114, 116,

TEE assessment 67

valvuloplasty 69-71, 70t, 124-127
vena contracta 123

mitral valve, annulus 43

annular abscess 179
annular calcification 89, 101, 128, 129, 130,
739
annular dilatation 61, 62, 133, 134, 135, 137,
138
annular dimension 61
annuloplasty ring 105
congenital 92,
annular anomalies 94
chordal anomalies
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leaflet anomalies 94, 188
papillary muscle abnormalities 93
chordae tendineae 43-44
Doppler examination 62—66
endocarditis (bacterial) 90
in non-bacterial endocarditis 91, 185,
fractional shortening, papillary muscle 59
leaflets 39-43
normal anatomy 39-50
aorto-mitral angle 62
papillary muscles 44-50
parachute valve, 131
perforated leaflet (endocarditis) 184
prolapse 75,
see also mitral regurgitation and mitral valve
prolapse.
TEE evaluation 50-62
vegetation 175, 176, 177, 178, 179, 180, 182
mitral valve prolapse 75, 139, 140, 141, 142,
143
and associated findings 144
flail leaflet 148
ruptured chord 145
SAM (systolic anterior motion mitral valve)
150
mitral valve repair
failed 170, 172
failed, triangular section posterior
leaflet 170
post repair ring dehiscence 172
intraoperative TEE evaluation 105-108, 162,
163, 165, 166, 167, 168
SAM (systolic anterior motion mitral valve)
150, 168, 169,
techniques 95-105
ventricular function prediction, post 88
multiplane transesophageal echocardiography,
normal anatomy 16
complications 6
consent 33
contraindications 5, 5t
indications 2-3
in endocarditis 92
intraoperative TEE evaluation (mitral repair)
105-108
normal examination (performing) 15
normal Doppler examination 27
post-examination care 33
prophylaxis, examination 9
probe (types) 12
training recommendations (American Society
of Echocardiography) 33, 35-36
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typical views 16
deep transgastric 17, 18
lower esophageal 17, 23-24
mid esophageal 25-26
upper esophageal 27, 28-31
thoracic aortic views 27, 32
transgastric 17, 19-22
Mustard procedure 767, 849
myocardial contrast 475
myocardial biopsy 872
myocardial infarction 486
anterior 517
anteroapical 521
apical 518
free wall rupture, diagnosis 487, 527
inferolateral 519
left ventricular aneurysm 517
mechanical complications 487
pseudoaneurysm 487, 531
right ventricular 520
ruptured papillary muscle, mitral valve
septal rupture 487, 522
myxoma 676.
See also left atrial myxoma.
complications 676
recurrent 704
right atrial 709
TEE diagnosis 676
myxomatous degeneration 76
characteristics 77
myxosarcoma 677

N
nasogastric tube, removal 13
node of Arantius 203
non-bacterial aortic valve endocarditis 91, 255
mitral valve vegetations appear as discreet
masses 255
with lupus erythematosus 185
non-cardiac surgery 869
non-Hodgkin’s lymphoma 725
normal echocardiographic anatomy of the aorta,
to the bronchus 338
normal heart and thoracic, anatomical specimen
336
normal left atrial appendage flow
Doppler color-flow 495
normal sinus rhythm, flow exhibited
components, examples 495
normal left upper pulmonary vein flow, Doppler
pulsed wave 499
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normal longitudinal images aortic root and arch
normal short-axis along the descending aorta
338
normal mitral valve
anatomy 39, 40, 44
leaflets 39
multiplane Doppler examination 62—-6
valve motion 52, 59
normal pulmonary valve 315
longitudinal views 315
short axis views valve in zoom mode 315-16
normal pulmonary venous flow, and flow profile
474
normal pulsed Doppler pulmonary venous flow
84
normal thoracic aorta 335-7
anatomy 334
normal tomographic echocardiographic
longitudinal axis projections, of the
ascending aorta
obtained from the deeper transgastric
window 339
projection of the aortic arch
distal ascending aorta 343
proximal arch and origin of the
innominate artery 343
projections of the aortic arch 343
distal arch 343
distal ascending aorta 343
proximal arch and origin innominate
artery 343
normal tomographic echocardiographic,
projections of the aortic arch, proximal
descending aorta 343
normal tomographic echocardiographic
longitudinal axis projections, of ascending aortic
root 341
normal tomographic echocardiographic
projections 340
normal tomographic echocardiographic
projections of the ascending aorta, level of
ascending aorta 340
normal tomographic short axis projections
descending aorta distal to the ligamentum
arteriosum 342
of innominate artery 342
of left carotid artery 342
of short arch vessels 342
innominate 342
of subclavian artery 342
normal transesophageal echocardiographic
examination (TEE) 1



Index 661

o
obstructive hypertrophic cardiomyopathy 536
Omniscience valve | and 11 (Lillehei-Medical)
572,574
On-X valve, MCRI 582
aortic 584
mitral 585
oral anesthesia 10
Orbis Universal model 582
ostium primum atrial septal defect 757, 782.
See also atrial septal defect.
ostium secundum atrial septal defect 756.
See also atrial septal defect.

P
Paget’s disease 89
panoramic transducer 2
pannus formation, St. Jude valve 557, 596, 599
Bjork-Shiley mitral 617
Starr-Edwards 628
papillary fibroelastoma, aortic 227, 676, 266
aortic 715
mitral 174, 714
right atrium 717
tricuspid valve 716
papillary muscles, mitral 44-50
abnormalities 93
dysfunction, mitral regurgitation 89
gastric views 57-8
papillary muscle abnormalities, congenital
mitral 93
prominent, pseudotumor 743
reimplantation 96
ruptured 77, 152, 154
papillary muscle hemorrhage 156
parachute mitral valve 131
paraganglioma 726
paravalvular abscess, diagnostic 567
paravalvular regurgitation, prosthetic 565, 594
Park procedure, blade atrial septostomy 773,
864
partial anomalous pulmonary venous return 769,
855
partial papillary muscle rupture 153
patent ductus arteriosus 765, 838, 839
definition 765
Doppler and 766
TEE and 766
patent foramen ovale 507, 508,
with thrombus 684, 685
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pectinate muscles, prominent 497, 738
pediatric cardiac tumors 677
penetrating aortic ulcer, diagnosis 359
percutaneous balloon mitral valvuloplasty 69,
70t
pericardial cyst 678, 746, 747
pericardial metastasis 735, 736
pericardium

normal 491

constriction 492

disease 491
pericardial constriction 492
pericardial effusion 491

malignant 734
pericardial tamponade 491, 538

Doppler findings in 491
pericardiocentesis 872, 899
perimembranous ventricular septal defect 793
persistent left superior vena cava 770, 512
phentermine 222
physiologic regurgitation, prosthetic 565
PISA (proximal isovelocity surface area
method) 81
pneumothorax and TEE 925
posterior leaflet quadrangular resection 97
porcelain aorta 366, 461
port-access and minimally invasive cardiac
surgery 833, 869-883
postoperative air 914

artifact, ghosting 914

with needle removal 915

needle artifact 915
postoperative coronary artery fistula repair 837
post-inflammatory valvular disease 214
post-stenotic dilatation, aorta 424
Potts anastomosis

and tetralogy of Fallot 765
pregnancy 349
pressure-volume overload right heart 299
prolapse, aortic valve. See aortic valve prolapse.
prolapse, mitral valve. See mitral valve prolapse.
prolapse, tricuspid valve. See tricuspid valve
prolapse
prosthetic heart valve

abscess, aortic 643, 646, 647

AV groove dehiscence 606

bioprosthetic 556, 557t

definitions 561t

degeneration, leaflets 630, 631

dehiscence 644

endocarditis 567, 598, 603, 636, 638, 639,

642
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fixed leaflet 600
flail leaflet 633, 635
malfunction 559t
mechanical 556, 556t
normal Doppler indices
aortic 669
mitral 670
pannus formation 599
St. Jude valve 557, 596,
perforated leaflet 629, 640
regurgitation, Doppler 565
stenosis, Doppler 565
TEE evaluation 558, 561t
aortic 562
mitral 563
tricuspid 564
pulmonary 564
thrombosis 567, 650, 652
thrombolysis 568
pseudoaneurysm(s)
aorto-mitral fibrosa pseudoaneurysm 264
in setting of myocardial infarction 487, 531
pseudotumors (echo) 678
pulmonary artery, atherosclerosis
atherosclerosis 297, 324
aneurysm 297
idiopathic dilatation 297, 310
dissection 297, 327
post-op 328
normal anatomy 294, 295, 296
left lower pulmonary vein 500
left upper pulmonary vein 499
right lower pulmonary vein 502, 503
right upper pulmonary vein 501
TEE evaluation 296, 504
pulmonary artery banding 773
pulmonary artery embolism 298, 325, 326,
pulmonary homograft 560
pulmonary regurgitation 294, 320
Doppler color, 294
TEE evaluation 294
pulmonary valve
bicuspid 321
cusps 290
endocarditis 294
vegetation 294, 322, 323
normal anatomy 290, 291
TEE evaluation 291, 315
pulmonary valve stenosis 292
assessment 293, 317
Doppler, color 293
infundibular stenosis 317
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pulmonary veins,
and Doppler flows 474
isolated anomalous 855
normal anatomy 473
tee examination 31, 473
rupture, traumatic 926
stenosis 769, 506
pulmonary venous flow, assessment of diastolic
function 483
assessment of with mitral regurgitation 83,
84
post mitral valve repair

Q

quadricuspid aortic valve
Q-tip sign 471, 738

R
raphe see false commissure
Rashkind 773, 864
Rastelli procedure 775, 819, 864
and transposition 767
regional ventricular function 475
residual shunting 763-4
respirometer tracing, and tamponade 492
restrictive cardiomyopathy 490-1
RFT see right fibrous trigone
rhabdomyoma 676, 677
rheumatic disease 109
rheumatic mitral stenosis. See mitral stenosis.
rheumatic or post-inflammatory disease 214
right atrial myxoma 709
right atrium and vena cava, normal anatomy
469-71
right coronary artery 373
right fibrous trigone (RFT) 40
right heart thrombi 675
right lower pulmonary vein 503
right ventricular outflow tract
deep transgastric view 291
mid-upper esophageal 317
right ventricular outflow tract and proximal
branching of main pulmonary artery, rotation
right pulmonary artery
cross-section 324
debris zoom mode 324
right superior pulmonary vein 502
right upper pulmonary vein 503, 501
right ventricle (RV)
dilated and hypertrophied in short axis 320
hypertrophy 317
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right ventricular contusion 924
right ventricular hypertrophy 314
right ventricular infarction 520
right ventricular to pulmonary artery conduit
774
right ventricular septum, major components 759
routine coronary artery bypass surgery 867
ruptured chord (mitral) 145, 146, 147, 148,
ruptured chordae tendineae, mitral repair 96
ruptured papillary muscle (mitral) 152, 154
partial 153
reparative techniques, mitral 94.
See also mitral valve repair.

S
saccular aneurysm 345, 441, 436
saddle pulmonary embolus, multiple views 325
St. Jude valve
aortic 579
fibrous strands 602
fixed leaflet 600
mitral 578
normal color-flow Doppler 580
periprosthetic lead 594
Silizone 580
normal valve, post-op 591
St. Jude Toronto SPV valve 588, 657
saline injection echo contrast 440
SAM see systolic anterior motion
saphenous vein graft aneurysm 440
sarcoma 677,
angiosarcoma 723
senile aortic stenosis. See aortic stenosis
Senning procedure 767
Shennan’s classic series, penetrating ulcerative
plaque, 358
shunt flow, hemodynamic effects 765
shunt magnitude, formula 762
Simpson’s algorithm (modified), global
ventricular function 478
single plane transesophageal echocardiography
2
sinotubular junction 203
sinus of Valsalva 203
aneurysm
sinus venosus type, atrial septal defect
inferior type 758
superior type 757
sinus venosus valve 470
situs inversus, transposition 767
situs solitus, transposition 767
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spontaneous echocardiographic contrast, left
atrium 679
Staphylococcus endocarditis

post-surgical specimen 254

vegetation perforation left coronary cusp 253
spherical disk valve, Bjork-Shiley valve 574
SPAFF 111 (Stroke Prevention in Atrial
Fibrillation Investigators Committee on
Echocardiography) 472
Stanford classification of aortic dissection 353,
352

prognosis, location of dissection 352
Starr-Edwards valve 569,

aortic 570, 609

cloth-covered with degeneration 612

mitral 571

normal 607

pannus formation 628
stump thrombus, pulmonary vein 732
sub-aortic extension of prosthetic valve
endocarditis 182
subacute stage of dissection, day (14-60) 353
subadventitial traumatic aortic disruption 361
subaortic stenosis. See aortic stenosis.
subclavian artery left, origin 342

transection 921
sub-commissural annuloplasty 226
sublunar excrescences 677
subvalvular aortic stenosis 215
superior vena cava

left 470

persistent 512

right 469

with thrombus 692
supravalvular mitral ring or membrane 770
surgery,

CABG 868

congenital 864

non-cardiac 869

port-access and minimally invasive 869, 883

post-op air 912, 914
suture annuloplasty 287
suture dehiscence 106
syphilitic aortitis 360
systemic artery to pulmonary artery shunt 773
systolic anterior motion (SAM) 77, 89, 489
systolic function, left ventricle 476, 478
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T
TEE (transesophageal echocardiography) 3, 15—
17
antibiotic use, at operator’s discretion 9
cardiac mass and tumor 5
cardiac source of embolism 4
cardiac source evaluation 4
and cardiac trauma 875-6
consent form 33
contraindications 5-6
coronary bypass surgery, important role 3
current applications and indications 4
drawbacks 361
during mitral valvuloplasty 124
endocarditis 4
esophageal windows
corresponding anatomic preparations 16
typical position 16
imaging/multiple views with least probe
manipulation 124-5
indications 2—-4
information insufficiency, from thoracic
approach 3
non-cardiac surgical case, examples 3
poor hemodynamics 4-5
probe 61, 71
procedure-related complications 9
scope care 33
and specific interventions 867-929
thoracic aorta 5
thromboembolism and endocarditis 2
training recommendations 33
transducer tip of probe 15
valve analysis 50-108
valvular and prosthetic valvular disease 4
vital sign record sheet 34
tetralogy of Fallot 764
complete surgical correction 765
definition 764
surgeries for 765, 813
TEE identification 764, 811
teratoma 676
Thoratec ventricular assist device 896
thrombi(us) 671
left atrial appendage 498
left atrial 672, 679, 680, 681
left ventricular 674, 686, 687, 688, 689
right atrium 695
right heart 675
stump 732
with atrial septal aneurysm 683
with intracardiac catheter 698
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with patent foramen ovale 684
with pulmonary valve 699
venous cast, intracardiac 696
thrombolysis, prosthetic 569, 568
thymoma 728
tissue Doppler 485, 481
constrictive vs. restrictive cardiomyopathy
492
topical lidocaine spray, as adequate pharyngeal
anesthesia, TEE procedure 9-10
transection. See aortic transection.
transposition of the great arteries 767
definition 767
types 767
complete 767, 816, 817, 818
congenitally corrected 767, 822, 826
surgeries 768
transplant. See cardiac transplant.
transvalvular regurgitation, prosthetic 565
transverse sinus 380, 418
traumatic aortic rupture 360
traumatic aortic valve rupture 268
tricuspid annular calcification 285
tricuspid atresia 758
tricuspid regurgitation
assessment 282
Doppler assessment 283, 284
continuous wave 285
increased pulmonary blood flow states 283
morphology 283, 283t
regurgitant fraction 285
tricuspid stenosis 282, 282, 300
carcinoid 282
Doppler color 301
severe tricuspid regurgitation 302
rheumatic 282, 303
transvalvular gradient 282, 300, 301
tricuspid valve 275
annular abscess, rupture 308
annular calcification 285
annular dilatation 277, 299
annuloplasty ring 288, 289, 304
annulus 276
chordae tendineae 277
endocarditis 285
intravenous drug abuse 307
leaflets 276
normal anatomy 275, 276
papillary muscles 277
prolapse 286
TEE evaluation 277, 278, 279, 280, 281
vegetation 306, 308, 309
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tricuspid valve reparative techniques 287
DeVega technique 287, 290
Duran technique 287, 289
Carpentier technique and annuloplasty ring
287, 288, 305
Kay technique 287, 290
suture annuloplasty 287

tuberculosis, mediastinal abscess 740

tumor biopsy, TEE guided 901

U
unroofed coronary sinus 758
ulcer excision, tubular graft replacement 358
ulcerative aortas, accompanying atherosclerotic
aortas 358
ulcerative aortic plaque with occlusive
intraluminal thrombus 416
ulcerative atheroma descending aorta 410
upper esophageal perforations 14
upper esophageal views 27, 30

pulmonary vein view 31

\%
valve excrescences 677
valve preservation techniques, as treatment for
Ebstein’s anomaly 769
variance, prosthetic valve 572
varices, esophageal 745

vs gastric rugal folds 744
vena cava, superior, anatomy

left 470

persistent 512

right 469
vena contracta, visualization and measuring 239
vena contracta method 87
venous cast, intracardiac 696
ventricular aneurysm

anterior 517

apical 518

inferior 519
ventricular assist device 890
ventricular diverticula, left 537
ventricular function

global 478

regional 475

myocardial wall segments 476

ventricular free wall rupture,

in setting of myocardial infarction 487, 527
ventricular morphology 755
ventricular septal defect,

acquired 487
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ventricular septal defect (congenital)
anatomy 759
atrioventricular (inlet) 763
definitions 759
Doppler and 763
healed subpulmonic 853
infracristal 806
infundibular 762
magnitude of physiologic shunt 762
malalignment 760
membranous 761, 793, 795, 799, 801, 806
muscular 809, 848
septal aneurysm 805, 809
shunt
gradient 762
types 763
surgical evaluation 763, 803, 810
trabecular 762
TEE anatomy 761
ventricular septal rupture,
in setting of myocardial infarction 487
ventricular septal defect, myocardial infarction,
post-operative repair 529
ventricular septal anatomy (subdivisions) 759t
membranous 759
muscular 759
ventriculoarterial concordance 755

w
wall motion score, left ventricle 476
warfarin therapy 673
Waterston shunt 774
and tetralogy of Fallot 765
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