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Preface

Transesophageal echocardiography (TEE) has a well-established history of utility in
cardiac operating rooms, allowing the diagnosis of cardiac anatomical and physi-
ological pathologies while also directing the surgical treatment. However, the
notion that cardiac surgery is the only situation where perioperative care is
improved by the use of TEE is simply outdated. The advances and increased
availability of TEE, along with the portability of transthoracic echocardiography
(TTE), have propelled both modalities into the non-cardiac realm. Whether in the
emergency department, intensive care unit, or operating room in high-risk surgical
patients, echocardiography’s ability to monitor cardiac function, assess response to
interventions, and quickly diagnose causes of hemodynamic instability have made
it a necessary basic skill for practicing physicians in this era of medicine.

Utilizing both two-dimensional echocardiography and Doppler imaging, through
color flow Doppler and quantitative spectral Doppler, numerous causes of hemo-
dynamic compromise that warrant immediate intervention may be identified.
Recognizing myocardial ischemia, pericardial tamponade, left ventricular outflow
obstruction, severe valvular abnormalities, hypovolemia, venous air embolism, and
pulmonary emboli can directly affect patient management and outcomes. By pro-
viding direct visualization of cardiac structures and function in real time,
echocardiography can enable any trained practitioner to competently assess a
patient who is experiencing hemodynamic compromise or may be at risk of com-
promise, both in an emergent and in a perioperative setting.

The editors of this textbook had a vision to share their enthusiasm and educate
interested practitioners regarding the utility of basic echocardiography in everyday
practice. We, along with the contributing authors who are all established as
excellent and respected echocardiography instructors, set out to create an easily
approachable and well-illustrated text set as a resource to learn the principles of
perioperative echocardiography, evaluation of cardiac anatomy in a context outside
of the cardiac operating room, and integration of such findings into current clinical
practice. While numerous comprehensive echocardiography textbooks exist, this
text differs by offering a unique perspective of utilizing echocardiography by

vii



viii Preface

non-cardiac anesthesiologists. Therefore, advanced cardiac operating room topics
such as determinations for valvular repair versus replacement are omitted. Instead,
there is a distinct emphasis on identifying normal versus abnormal anatomic and
physiologic states, commonly encountered perioperative pathologies, and emergent
causes of hemodynamic instability.

This book aims to serve as a guide and provide a framework for the readers as
they are introduced to the application of TEE. Understandably, there is often fear
and frustration observed when learning a new task such as TEE. The gentle
approach of the authors within the context of echocardiography for non-cardiac
surgery helps to allay those fears and minimize the frustration that often comes with
learning a new skill set. It is also important to remember that a multimodal approach
to learning echocardiography is key, including echocardiography simulation and
repetitive hands-on application during patient care.

In addition to helping the practitioner who is seeking to implement the use of
TEE into their clinical practice, this text is intended as an aid for those who are
seeking basic certification in echocardiography, including passing the Basic
PTEeXAM®. Each chapter in this book is designed to address the core compe-
tencies that are tested in the basic exam and prepare the practitioner for the basic
certification. In addition to being a valuable and practical guide to obtaining cer-
tification, we hope that this textbook becomes a successful resource for the appli-
cation of echocardiography into your clinical practice.

San Diego, CA, USA Timothy M. Maus
Houston, TX, USA Sonia Nhieu
San Diego, CA, USA Seth T. Herway
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Part 1
Basic Perioperative Echocardiography



Chapter 1

TEE in Non-cardiac Surgery: Indications,
Contraindications, Probe Manipulation,
and Certification

Seth T. Herway MD, MS

Abstract Transesophageal echocardiography (TEE) is a safe monitoring modality
with broad applications in non-cardiac surgery. A moderate amount of exposure to
its use and knowledge of the principles of echocardiography can yield the practi-
tioner competent to make basic assessments of a patient’s cardiac status and help
guide initial management decisions. The practitioner should also be able to deter-
mine when the nature of the surgery or the patient’s cardiovascular status neces-
sitates a comprehensive examination by a board certified advanced
echocardiographer. Each patient should be evaluated individually to assess for
contraindications and potential complications associated with the use of TEE. Most
complications are associated with probe insertion and manipulation and providers
should ensure that these maneuvers are performed carefully and appropriately.

Keywords Echocardiography - Transesophageal echocardiography - Indications -
Contraindications - Complications

Transesophageal Echocardiography in Non-cardiac
Surgery

There is broad application for the use of transesophageal echocardiography
(TEE) as both a diagnostic and monitoring modality in non-cardiac surgery. The
notion that cardiac surgery is the only situation where perioperative care is
improved by the use of TEE is outdated. TEE has been used in non-cardiac
surgeries to identify myocardial ischemia, pericardial tamponade, left ventricular
outflow obstruction, severe valvular abnormalities, hypovolemia, venous air
embolism, intrapulmonary emboli, and a number of other causes of hemodynamic
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4 S.T. Herway

compromise of cardiac origin [1]. By providing direct visualization of cardiac
structures and function, TEE can enable any trained practitioner to competently
assess a patient who is experiencing hemodynamic compromise of cardiovascular
origin in a way that no other monitor is able. As a provider gains experience in
TEE, competency in transthoracic echocardiography (TTE) is readily acquired and
with this comes the ability to non-invasively assess the patient’s cardiovascular
status in pre- and post-operative settings.

For anesthesiologists who have not pursued fellowship training in anesthesia for
cardiac surgery or had dedicated advanced training in the use of TEE, integrating
TEE into clinical practice can be an intimidating proposition. However, a moderate
amount of exposure to its use and knowledge of the principles of echocardiography
contained in this text will enable the practitioner to make basic assessments of a
patient’s cardiac status and help guide initial management decisions. Additionally,
the practitioner should also be able to determine when the nature of the surgery or
the patient’s cardiovascular status necessitates a comprehensive examination by an
echocardiographer with an advanced echocardiography skill set.

This book was intentioned for the practitioner with little to no previous expe-
rience with echocardiography who is seeking to employ this diagnostic modality in
their clinical practice. The book also may serve as a review of basic echocardio-
graphy principles to those who do possess prior experience or training. Most
graduates of U.S. residency programs receive their initial exposure to TEE during
training. This book certainly fulfills the role as a guide during that initial exposure
or as a framework for building upon the knowledge obtained during training.

Echocardiography requires several skill sets: (1) Manual dexterity which is
manifested as probe manipulation and image acquisition; (2) Knowledge of normal
anatomy; and (3) Recognition of pathology or diseased states. For practitioners who
have never had formal exposure to TEE, a basic introduction from a competent
practitioner on safe probe insertion and manipulation and initial assistance with
obtaining TEE views is important to get started. This topic will be discussed below,
however to become fluent with the TEE probe repetition is key. Performing exams
on a regular basis will begin to engrain certain subtleties of probe manipulation in
order to display the particular structure of interest. Therefore, it is recommended to
physically perform the exam as much as possible either through clinical indication
or TEE simulation. Repetition is certainly the key to adult learning and this is
applicable to knowledge of normal anatomy. The more exams one visualizes or
performs, the more data points one will have that represent normal anatomy.
Similarly, the more exams performed, the more pathology one will observe and
begin to develop patterns of recognition. In summary, when clinically indicated,
performance of exams will increase manual dexterity as well as recognition of
normal versus abnormal anatomy.

Initial attempts at performing a TEE exam can be frustrating and anxiety-ridden
as the views can be challenging for the novice echocardiographer to obtain. Most
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practitioners notice that it takes roughly 20-30 performed exams before they are
able to reliably find the basic views. Once able to obtain the basic views, they can
then start recognizing pathology and abnormal findings. Similar to other clinical
skills such as appreciating heart sounds with a stethoscope, a practitioner must be
able to appreciate the normal findings before the pathologic exam becomes clear.

In addition to helping the practitioner seeking to implement the use of TEE into
their clinical practice, this text is intended as an aid for those who are seeking basic
certification in echocardiography including passing the Basic PTEeXAM®. Each
chapter in this book is designed to address the core competencies that are tested in
the basic exam and prepare the practitioner to obtain basic certification.

Certification in Basic Perioperative Transesophageal
Echocardiography

As one becomes proficient in the use of perioperative echocardiography, they
ultimately may seek certification to acknowledge the new skill set they have
achieved. The National Board of Echocardiography, Inc. (www.echoboards.org) is
the not-for-profit corporation that administers the examination in perioperative TEE
as well as the board certification process. The purpose of certification is to rec-
ognize anesthesiologists who have demonstrated their competence in basic TEE.
The NBE offers two levels of certification: Basic and Advanced, which differ
primarily on their scope of practice and training requirements. Certification in Basic
Perioperative Transesophageal Echocardiography is provided to recognize anes-
thesiologists utilizing TEE in a non-diagnostic or monitoring-only manner, except
in emergency situations. The use of TEE as a diagnostic tool to direct medical or
surgical interventions, particularly cardiac surgical interventions, is under the
purview of anesthesiologists with Certification in Advanced Perioperative
Transesophageal Echocardiography. This is an important distinction when con-
sidering the pathway and certification options for the individual practitioner.

The NBE offers two statuses in relation to basic perioperative TEE: Testamur
and Certification. Testamur status indicates the successful completion of the
Examination of Special Competence in Basic Perioperative Transesophageal
Echocardiography (Basic PTEeXAM®). Certification also implies a passing score
on the Basic PTEeEXAM® in addition to meeting requirements that document
proficiency. Readers are encouraged to visit the NBE’s website for the most current
requirements; however, the present requirements include a current license to
practice medicine, current board certification in Anesthesiology, and specific
training in basic perioperative TEE.

The specific training involves performing a certain number of exams and
reviewing (but not performing) additional exams. There are several pathways to
obtaining the specific training including a Supervised Training pathway which is
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often suited to those still in a training institution, and the Extended CME pathway
which is more suited to those already in practice. Both pathways require perfor-
mance and interpretation of at least 50 basic perioperative TEE exams. The
supervised training pathway involves reviewing (but not performing) additional
exams with a supervising physician to a total of 150 basic TEE exams. The
Extended CME pathway involves a review of 100 basic TEEs through the
ASA/SCA Basic Perioperative TEE Education Program to result in a total of 150
basic TEE exams. Lastly, there is an additional Practice Experience pathway for
those who have previously completed residency and currently perform basic TEEs
in their practice. Details of each of the pathways and the required documentation
may be found on the NBE’s website (www.echoboards.org).

Basic TEE Examination

Indications

The use of basic TEE in non-cardiac surgery can be broadly categorized into two
main areas: monitoring and diagnostic purposes. Monitoring uses of TEE occur
during any type of surgery where pre-operative evaluation suggests that either the
nature of the surgery or the patient’s cardiovascular status has the potential to result
in hemodynamic compromise. Therefore, the TEE exam can be used to monitor
volume status, detect ischemia, and determine the need for inotropic or vasopressor
therapy. TEE is appropriate for any surgery ranging from common elective cases in
patients with cardiovascular indications to large intra-abdominal, thoracic, or
neurosurgical procedures where there is potential for hemodynamic compromise in
otherwise healthy patients. The basic echocardiographer can also utilize TEE as a
diagnostic modality in the situation of unexplained perioperative hemodynamic
compromise. The delay introduced in waiting for another imaging modality or an
advanced echocardiographer may result in patient harm.

The American Society of Anesthesiologists (ASA) and the Society of
Cardiovascular Anesthesiologists (SCA) have explained the use of basic TEE in
monitoring and diagnostic capacities in their published practice guidelines [1]. In
non-cardiac surgery, the ASA and SCA recommend that TEE may be used when
“the nature of the planned surgery or the patient’s known or suspected cardiovas-
cular pathology may result in severe hemodynamic, pulmonary, or neurologic
compromise.” The published guidelines also recommend TEE should be used when
“unexplained life-threatening circulatory instability persists despite corrective
measures.” Taking into account any contraindications, TEE is therefore appropriate
perioperatively when either instability is present or possible. The American Society
of Echocardiography (ASE) and the SCA have created a consensus statement that
further delineates indications and utility of basic perioperative TEE including
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evaluating ventricular function, valvular function, pericardial disease, embolism
detection, and basic congenital heart disease in the adult [1].

Contraindications

Clinical judgment should be employed to determine the suitability of TEE for each
individual patient. While prior practice guidelines divided contraindications by
absolute and relative categories, current updated practice guidelines note that the
use of TEE is a risk versus benefit evaluation even in the setting of potential
contraindications [1, 2]. Absolute contraindications often involve pathology of the
esophagus and include previous esophagectomy and esophagogastrectomy. Often
included are a history of a tracheoesophageal fistula, esophageal trauma, esophageal
surgery, esophageal stricture/mass, perforated viscus, and active upper gastroin-
testinal bleeding [1, 3]. Relative contraindications include pathologies of oral,
esophageal and gastric location, often with less severe presentations than those
listed above as absolute contraindications. A suggested list of absolute and relative
contraindications is provided in Table 1.1. However, it is noteworthy that current
practice guidelines report TEE can be used even in patients with oral, esophageal,
or gastric disease if the expected benefit outweighs the potential risk.

Table 1.1 Contraindications
to transesophageal
echocardiography

Absolute contraindications

Esophagectomy or esophagogastrectomy Postesophageal
surgery

Esophageal trauma, perforation, laceration

Esophageal obstruction (stricture, mass)

Tracheoesophageal fistula

Perforated viscus

Active upper gastrointestinal bleed

Relative contraindications

History of dysphagia

History of radiation to neck and mediastinum
Recent GI surgery

Barrett esophagus

Symptomatic hiatal hernia

Esophageal varices

Zenker diverticulum

Colonic interposition

Recent upper gastrointestinal bleed

Severe cervical arthritis with restricted mobility

Atlantoaxial joint disease with restricted mobility

Severe coagulopathy
Active esophagitis or peptic ulcer disease
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In such cases where there is some perceived additional risk, some precautions
can be considered when TEE is used. Limiting the exam either to only the views
necessary or to the most experienced provider will help to avoid unnecessary probe
manipulations and potentially avoid additional oropharyngeal, esophageal, or gas-
tric trauma. For example, in the case of a patient with prior gastric surgery, limiting
the exam to mid-esophageal views will still provide excellent imaging and diag-
nostic information without the additional risk of gastric injury. As the echocar-
diographer becomes more familiar with the basic TEE views and the information
that can be obtained from each view, it will become apparent that only one or two
views are necessary to evaluate the aspect of cardiac function that is of interest. In
these cases, leaving the probe in one location (i.e., mid-esophageal) for monitoring
purposes during the anesthetic may be the best course of action.

In clinical scenarios where the potential risks outweigh the benefits of TEE probe
placement, the use of other non-invasive imaging modalities that provide the same
information (e.g., transthoracic echocardiography) should be considered [1].
Additionally, in an elective scenario, obtaining a gastroenterology consultation
prior to probe placement may provide further insight into the patient’s pathology
and their risk—benefit ratio.

Complications

Perioperative TEE has been demonstrated to be a safe monitoring modality. The
morbidity is often associated with a traumatic placement or manipulation of the
probe. Recognition of potential contraindications as well as gentle placement and
manipulation of the probe are essential. The use of force is unnecessary in TEE
imaging. A large study of 7200 cardiac surgical patients determined an intraoper-
ative TEE-associated morbidity and mortality of 0.2 and 0 %, respectively [3]. The

Table 1.2 Complications Complication Incidence (%)
associated with intraoperative Odynophagia o1
transesophageal
echocardiography Swallowing abnormality 0.01
Esophageal abrasions 0.06
No associated pathology 0.03
Upper gastrointestinal hemorrhage 0.03
Esophageal perforation 0.01
Dental injury 0.03
Endotracheal tube malposition 0.03
Total 0.2

Data from Kallmeyer et al. [3]
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majority of complications (86 %) were associated with oropharyngeal, esophageal,
or gastric trauma due to TEE probe insertion and manipulation (see Table 1.2). The
reported morbidity of 0.2 % in this study of intraoperative TEE correlates with a
reported 0.18 % complication rate in a large, multicenter survey of over 10,000
predominantly conscious adult patients undergoing TEE [4].

Using the TEE Probe

Insertion

In addition to consideration of contraindications to TEE prior to probe insertion, the
mouth should be inspected for preexisting injuries including at-risk dental lesions.
Limitations in cervical spine movement should also be considered.

The TEE probe can be inserted in a similar manner to an orogastric tube.
Performing a jaw lift during insertion significantly facilitates insertion. This
includes lifting the mandible with the left hand, utilizing the left thumb posterior to
the lower incisors and the left fingers inferior to the mental protuberance. The right
hand is used to advance the probe with constant gentle pressure. Lubrication of the
probe facilitates advancement and reduces the incidence of trauma to soft tissues.
Of note, non-sterile multiuse ultrasound transmission gel is not recommended as an
oral lubricant for TEE procedures due to a risk of contamination and sepsis.
Current FDA recommendations include the use of single-use sterile packets [5].
Ensure that the large and small knobs of the TEE probe are in the unlocked position
as this will allow the distal end of the probe to remain flexible as it passes through
the oropharynx. A loss of resistance is typically felt as the probe passes the upper
esophageal sphincter. Again, excessive force is unnecessary. Anteflexion of the
probe can help navigate the upper oropharynx while once past the upper
oropharynx, retroflexion aids in guiding the probe away from the glottis and
towards the esophageal inlet. If blind insertion of the probe proves difficult, a
laryngoscope or even a video laryngoscope can be used to identify the glottis and
esophageal inlet, and facilitate passage of the probe under direct visualization.

Manipulation

There are five primary movements of the TEE probe used to optimize the ultra-
sound image (Fig. 1.1). Some of these are analogous to the movement of a bron-
choscope (familiar to most anesthesiologists) which include advance/withdrawal,
anteflexion/retroflexion, and turning the probe to the left/right, while other functions
are unique to TEE which include the image appearing perpendicular to probe tip (as
opposed to in-line with the probe tip), flexion to the left/right and the omniplane
function. The movements in detail are as follows:
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Anterior Posterior Right Left

AN

7 N B

Anterior flexion Posterior flexion Right flexion  Left flexion

CD- Rotate
—__y counterclockwise
Rotate clockwise 11.._.)
Withdraw 0°
Increase vf 180°
O multiplane angle /
Advance

Decrease

multiplane angle
90°

Fig. 1.1 Basic TEE probe manipulations

. Advance and withdraw. The probe can be advanced (and withdrawn) to more

distal (and proximal) locations within the esophagus and stomach. The primary
positions at which ultrasound images are obtained are, from proximal to distal:
(1) upper esophagus, (2) mid-esophagus, (3) transgastric, and (4) deep trans-
gastric. In general, the tip of the transducer should be in the neutral position
before advancing or withdrawing the probe. Brief recognition of depth can be
determined by observing what is closest to the image transducer (closest to the
top of the image): great vessels (high mid-esophagus), left atrium
(mid-esophagus) and ventricle (transgastric) (Fig. 1.2).

Anteflex and retroflex. The large knob on the probe handle can be turned to
move the tip of the probe anteriorly (anteflexion) or posteriorly (retroflexion).
Again this is analogous to the flexion on a bronchoscope.

. Flexion to the left and right. The small knob on the probe can be turned to flex

the probe leftward or rightward. This motion is rarely utilized in basic TEE
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Fig. 1.2 Depth estimation
via observation of what is
nearest to the probe (apex of
the image). a Great vessels—
High mid-esophagus; b Left
atrium—Mid-esophagus;

¢ Ventricle—Transgastric
(illustrations adapted from
Shanewise et al. [6])

(@) o

High-Mid Esophagus

(b) -

Midesophagus

(c) ./

Transgastric

imaging as the esophagus is a relatively fixed structure. However, this motion is
often necessary in the comprehensive examination for the deep transgastric long
axis view to bring the tip of the probe towards the left-sided LV apex.

. Turn to the left and right. The probe shaft can be rotated clockwise (called

turning to the right) or counterclockwise (called turning to the left) to adjust the
orientation of the ultrasound beam. This allows the imaging of the right versus
left-sided structures within the chest.

. Increase or decrease omniplane (multiplane). Axial rotation of the multiplane

angle from 0° towards 180° is called rotating forward and from 180° towards 0°
is called rotating back. This “movement” does not physically move the TEE
probe, however it moves the image produced by rotating the image in an axial
direction. This can be visualized by placing the right-hand palm face down in
front of one’s chest with the fingers spread out, imagining this as the imaging
view from the esophagus. The thumb will be the right side of the image, while
the small finger will be left side of the image. Imagining a four chamber view,
the left atrium and left ventricle will be displayed on the right side of the image
(near the thumb), while the right atrium and right ventricle will be displayed on
the left side of the image (near the small finger). Increasing the omniplane can
be demonstrated by rotating the hand clockwise. A 90° rotation will display a
two-chamber view with the thumb directed over the anterior wall (on the right
side of the image) and the small finger over the inferior wall (on the left side of
the image). The use of the hand movement with either an imagined heart or a
heart model will help to understand the physical relationship of cardiac
structures.
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The objects closest to the TEE probe transducer are displayed at the top of the
screen while the far field is displayed at the bottom. With a multiplane angle of 0°
and the TEE probe transducer angled anteriorly from the gastrointestinal tract
towards the heart, the patient’s right side is displayed on the left of the screen.
When the multiplane is rotated towards 90°, the left side of the screen is moved
inferiorly towards the patient’s feet. When the multiplane is increased to 180°, the
patient’s right side is now displayed on the right of the screen, making it the mirror
image of the display at 0° (Fig. 1.3).

Fig. 1.3 Image orientation
with multiplane angles 0—
180° (illustration adapted

from Shanewise et al. [6])

(a) OU 180

90

Patient's right Patient’s left

Multiplane angle 0 degrees

(b) o 0 @ 180
% 90
- mr
Multiplane angle 90 degrees
N\ 0 U 1
eft

© 80
90
Patient’s | Patient's right

Multiplane angle 0 degrees
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Basic Echocardiography Reporting and Image Storage

Current basic perioperative TEE consensus statement recommends the image
storage and reporting of all performed basic exams. Modern echocardiography
machines have the ability to save exams digitally in a DICOM (Digital Imaging and
Communications in Medicine) format, which allows retrieval and review when
necessary. Older systems have allowed the storage of images and clips through
VHS tapes or proprietary disk systems. Discussion with the echocardiography
machine vendor and your information technology (IT) department is necessary to
ensure the proper storage and retrieval for your institution.

In addition to image storage, a documented report of the intraoperative findings
into the patient’s chart is necessary. This may be performed as a written report or a
clickable generated report in an electronic medical record. The report should
include documentation of ventricular function, valvular function, chamber sizes,
assessments of pericardium or pleura, and description of responses to interventions.
The Society for Cardiovascular Anesthesiology website (www.scahq.org) hosts a
template for a suggested adult TEE report.
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Chapter 2
Transesophageal Echocardiography:
Essential Views

Sonia Nhieu, MD

Abstract The use of a noncomprehensive basic perioperative transesophageal
echocardiographic (PTE) examination, both for intraoperative monitoring and out-
side of the operating room, is increasing in practice. Cardiac causes of hemodynamic
instability, such as ventricular dysfunction, valvular abnormalities, volume status
changes, and pericardial abnormalities can be identified with the basic PTE exam-
ination. A basic PTE exam is intended to be complementary to comprehensive
echocardiography, and thus the practitioner must also recognize when further
investigation of an abnormality by an echocardiographer with advanced imaging
skills may be required. While the consensus statement of the American Society of
Echocardiography (ASE) and Society of Cardiovascular Anesthesiologists
(SCA) identifies 11 views for the basic PTE examination, the additional 9 views that
comprise the comprehensive examination will also be discussed for completeness.
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AV Aortic valve

LVOT Left ventricular outflow tract
RA Right atrium

LA Left atrium

RV Right ventricle

LV Left ventricle

TV Tricuspid valve

MV Mitral valve

LAX  Long axis

SVC  Superior vena cava

IvC Inferior vena cava

ASD  Atrial septal defect

PFO  Patent foramen ovale

RVOT Right ventricular outflow tract
SAX  Short axis

TG Transgastric

UE Upper esophageal

The goal of this chapter is for the echocardiographer to become familiar with the
imaging views required to perform a basic perioperative transesophageal
(PTE) examination. Specific pathologies that can be appreciated in each view are
discussed in subsequent chapters. As outlined by the consensus statement of the
American Society of Echocardiography (ASE) and Society of Cardiovascular
Anesthesiologists (SCA), the basic PTE examination focuses on acquiring the 11
most relevant views [1]. Though prior guidelines for performing a comprehensive
PTE examination consists of acquiring 20 views [2], with the expansion of indi-
cations for TEE the most recent guidelines have expanded with the addition of 8
views [3] for a total of 28 views in a complete comprehensive exam. While the 11
views of a basic PTE examination will provide the information needed to monitor
patients perioperatively and diagnose general etiologies of hemodynamic instability
(e.g., ventricular dysfunction, valvular abnormalities, volume status changes, and
pericardial abnormalities), the basic PTE echocardiographer should also be familiar
with how to perform the comprehensive examination. This textbook will describe
the additional views to complete a 20-view comprehensive exam. The recent
addition of 8 views focus on structures such as the different pulmonary veins, left
atrial appendage, and the right ventricular outflow and pulmonic valve views which
would rarely be indicated in a basic PTE exam. The basic PTE examination is
designed to be complementary to a comprehensive TEE examination. Therefore,
consultation with an advanced PTE echocardiographer should be requested when
complex pathology is anticipated or when further investigation of abnormality is
desired.
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Beginning echocardiographers often exhibit anxiety and fear when learning the
examination with a focus on the order of the exam. Each echocardiographer will
have a different approach to the TEE examination and the order of the examination
is not critical. Completeness of the examination without missing important data is
the most important aspect. This text will offer a suggested order of views for both a
basic and comprehensive examination based upon minimizing significant probe
movement between views and maximizing the data obtained (Tables 2.1 and 2.2). It
is suggested for the beginning echocardiographer to perform PTE exams as often as
possible, when clinically indicated, in order to develop a comfort level when
moving from one view to the next and to learn anatomical relationships.

In addition to obtaining the particular image, there are specific anatomical and
physiologic interrogations that should occur within the image. These interrogations
are divided into two-dimensional (2D) analysis, color flow Doppler (CFD) and
spectral Doppler (pulsed wave and continuous wave) interrogation. It is recom-
mended for the beginning echocardiographer to develop a systematic approach to
the interrogations as well as simply obtaining the images. For example, when
obtaining the midesophageal four-chamber view, a 2D image is acquired, color flow
Doppler interrogation of the mitral valve and tricuspid valve is acquired, followed
by a pulsed wave or continuous wave Doppler interrogation of mitral valve and
tricuspid valve inflow and regurgitation. This approach of 2D > CFD > Spectral
allows an echocardiographer to develop an approach to the examination without
missing data and prevents “bouncing” around the exam. Additionally, pathologies
in this textbook will be summarized in the 2D > CFD > Spectral format, high-
lighting important findings for each interrogation.

Basic PTE Examination

The following are the 11 views as described by the ASE and SCA for performing a
basic PTE examination. The additional 9 views that comprise the comprehensive
exam will be subsequently discussed. Many practitioners will find that a complete
20-view examination is rarely necessary for a basic perioperative echocardiographic
assessment. However, becoming familiar with all 20 views will allow the
echocardiographer to become adept at choosing which views to obtain in a focused
examination to evaluate for specific pathologies.

Midesophageal (ME) Four-Chamber View

The ME four-chamber view is obtained by inserting the TEE probe approximately
30-35 cm. A midesophageal position is identified by observing the left atrium at
the apex of the imaging display. If the aortic valve (AV) and left ventricular outflow
tract (LVOT) are visible (five-chamber view), then retroflexion of the probe and
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Fig. 2.1 ME four-chamber view. RA right atrium; RV right ventricle; LA left atrium; LV left
ventricle

adjustment of the multiplane angle to 10° may be necessary to obtain the ME
four-chamber view. Structures that should be visible in this view include the right
atrium (RA), interatrial septum, left atrium (LA), right ventricle (RV), interven-
tricular septum, left ventricle (LV), tricuspid valve (TV), and mitral valve (MV).
The image depth should be adjusted so that the apex of the LV is visible as well.

The ME four-chamber view is often a readily identified and very useful view to
acquire. It provides significant amounts of information, typically without any
manipulation of the multiplane. Returning to this zero degree view is recommended
if the echocardiographer becomes disoriented during their TEE evaluation. The ME
four-chamber view allows evaluation of chamber sizes, function, valvular function,
and regional wall motion of the septal and lateral walls of the LV (Fig. 2.1; Video
2.1). Two-dimensional evaluation allows inspection of LV and RV size and systolic
function, evidence of wall motion abnormalities (WMA), tricuspid and mitral valve
anatomy and motion, chamber sizes of RA, LA, LV and RV, and motion of the
interatrial and interventricular septums. Color flow Doppler is utilized to interrogate
the mitral and tricuspid valves for stenosis and regurgitation. Spectral Doppler is
often utilized to measure mitral valve inflow in the evaluation of diastology and
mitral stenosis.
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ME Two-Chamber View

To obtain the ME two-chamber view, the multiplane angle is rotated to 80-100°
until the right-sided cardiac structures are no longer visible. The probe is turned to
the left and right until the L'V apex is visualized in the far field. Structures that are
visible in the ME two-chamber view are the left atrium, mitral valve, left ventricle,
left atrial appendage (LAA), and left upper pulmonary vein (Fig. 2.2; Video 2.2).
A short axis view of the coronary sinus can also be appreciated in this view. 2D
evaluation focuses on regional wall motion of the anterior and inferior walls of the
LV, mitral valve motion, and thrombus in the LV apex or left atrial appendage.
Color flow Doppler of the MV and LAA are helpful in evaluating for regurgitation
and thrombus formation respectively. Spectral Doppler can be helpful in evaluating
mitral inflow and thrombus formation in the MV and LAA, respectively.

ME Long Axis (LAX) View

From the ME two-chamber view, the multiplane angle is advanced to approxi-
mately 120° when the LVOT is seen to obtain the ME LAX view. All patients are
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Fig. 2.2 ME two-chamber view with green arrow indicating the left atrial appendage. LA left
atrium; LV left ventricle
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Fig. 2.3 ME LAX view with a red arrow indicating the aortic valve and a green arrow indicating
the right ventricular outflow tract. LA left atrium; LV left ventricle

obviously different and therefore the multiplane degree is simply an estimate; this
view may be developed in some patients as far out as 160°. The left atrium, mitral
valve, left ventricle, LVOT, and aortic valve (AV) should be visible in this view
(Fig. 2.3; Video 2.3). This view is similar to the ME AV LAX (see “Additional
Views” below). However, rather than focusing on the AV, the LV inflow and
outflow tract as well as the entirety of the LV cavity can be seen in this view. 2D
assessments that can be made in the ME LAX view include chamber sizes, regional
wall motion of the anteroseptal and inferolateral walls of the L'V, and mitral valve
and aortic valve anatomy and motion. Color flow Doppler interrogation of the MV
and AV and spectral Doppler interrogation of the mitral valve is possible as well.
The AV is often positioned perpendicular to the probe in this view and is therefore
not conducive to spectral Doppler interrogation.

ME AV Short Axis (SAX) View

In TEE, when rotating the multiplane by 90°, the object in the center of the image
will be rotated from a long axis to a short axis orientation and vice versa. From the
ME LAX view, centering the AV by slowly withdrawing the probe and then
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Fig. 2.4 ME AV SAX view with a green arrow indicating the aortic valve in short axis. LA left
atrium; RA right atrium; AV aortic valve; RV right ventricle

rotating the multiplane back to 30° represents a 90° change. This will develop the
ME AV SAX view with the cusps of the AV clearly seen (Fig. 2.4; Video 2.4).
Two-dimensional assessment includes the general morphology of the AV (tricuspid
versus bicuspid) as well as calcifications and mobility of the aortic leaflets. Color
flow Doppler allows for interrogation of aortic regurgitation. Again the perpen-
dicular orientation of the AV precludes spectral Doppler interrogation. Lastly, the
interatrial septum can be identified proximal to the AV and can be evaluated for an
atrial septal defect (ASD) or a patent foramen ovale (PFO).

ME Right Ventricular (RV) Inflow-Outflow View

The far field of the ME AV SAX view demonstrates the right ventricle (anterior to the
aortic valve). Often the RA and part of the tricuspid valve may be visualized.
Maintaining the RA and RV in view and increasing the multiplane to 60-90° will
bring the right ventricular outflow tract (RVOT) and pulmonic valve into view,
constituting the ME right ventricular inflow—outflow view (Fig. 2.5; Video 2.5). While
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Fig. 2.5 ME RV inflow—outflow view with the red arrow indicating the tricuspid valve and the
green arrow indicating the pulmonic valve. LA left atrium; RA right atrium; RV right ventricle;
PA pulmonary artery

some of the AV may still be in view, the focus of this view is the RA, tricuspid valve,
RV, RVOT, pulmonic valve, and the proximal pulmonary artery. The “wrapping
around” nature of the right heart is demonstrated by seeing the RA, RV, and PA come
around anteriorly to the AV. Two-dimensional assessment includes RV size and
function, TV and PV anatomy and motion, and the position of the interatrial septum
(the septum will bow away from the chamber with higher pressure). Color flow
Doppler assessment focuses on the TV and PV for regurgitation and stenosis as well
as the interatrial septum for a PFO or an ASD. Spectral Doppler interrogation of the
TV may prove helpful in estimating PA pressure (see Chaps. 3 and 8).

ME Bicaval View

The ME bicaval view is obtained by rotating the multiplane angle to 90-110° and
physically turning the probe clockwise. As a midesophageal view, the left atrium
remains closest to the probe (apex of the imaging window), however, turning the
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Fig. 2.6 ME bicaval view with the red arrow indicating the inferior vena cava and the green
arrow indicating the superior vena cava. LA left atrium; RA right atrium

probe clockwise moves the interatrial septum into the center of the image and the
right atrium into the far field. The 90° orientation places the superior vena cava
(SVC) on the right and the inferior vena cava (IVC) on the left of the RA (Fig. 2.6;
Video 2.6). Two-dimensional assessment focuses on atrial size, interatrial septum
competency and direction (the septum bows away from the chamber with higher
pressure) and anatomical variants (see Chap. 12). Additionally, the ME bicaval
view can aid in the placement of central venous catheters by observing the initial
wire placement in the RA. Color flow Doppler interrogation aids in detection of an
ASD or a PFO. An agitated saline study may also be utilized in this view to
demonstrate a PFO. Spectral Doppler is not typically employed in a ME bicaval
view.

ME Ascending Aortic SAX and LAX Views

Returning the multiplane to zero degrees (roughly the ME Four-Chamber view) and
then withdrawing the probe allows the development of the ME ascending aortic
SAX view which provides an image of the proximal ascending aorta and bifurcation
of the main pulmonary artery is visualized. Slight anteflexion of the probe and
rotation of the multiplane angle from O to 45° may be necessary to optimize the
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Fig. 2.7 ME Ascending Aortic SAX view with a red arrow indicating the superior vena cava.
Ao ascending aorta; PA pulmonary artery

image (Fig. 2.7; Video 2.7). The right pulmonary artery in this view lies imme-
diately posterior to the proximal ascending aorta in a long axis orientation. The left
pulmonary artery is typically not visualized due to the interposed air-filled left main
bronchus. Two-dimensional assessment is utilized for identification of aneurysms,
plaque, and dissections of the ascending aorta as well as for identifying thrombus in
the main or right pulmonary artery. Color flow Doppler may be helpful in the
setting of aortic dissection (see Chap. 10). Spectral Doppler is often not employed
in this view during a basic examination.

To obtain the ME ascending aortic LAX view, the aorta is centered in the image
and the multiplane angle is rotated to approximately 90° until the right pulmonary
artery is seen in the short axis while the ascending aorta is seen in the long axis
(Fig. 2.8; Video 2.8). Similarly, two-dimensional assessment is utilized for iden-
tifications of aneurysms, plaque, and dissections of the ascending aorta as well as
for identifying thrombus in the right pulmonary artery. Color flow Doppler may be
helpful in the setting of aortic dissection while spectral Doppler is often not
employed in this view during a basic examination.
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Fig. 2.8 ME Ascending Aortic LAX view. Ao ascending aorta; RPA right pulmonary artery

Transgastric (TG) Midpapillary SAX View

In order to obtain the TG midpapillary SAX view, the probe is returned to the ME
four-chamber view at 0° and then advanced into the stomach. When advancing, the
image on the screen will often disappear when entering into the stomach as the
probe is no longer adjacent to tissue (free floating in the stomach). While keeping
the multiplane angle at 0°, the probe is gradually anteflexed while the depth is
adjusted until the posteromedial and anterolateral papillary muscles are visualized.
A proper TG midpapillary SAX view can be difficult to obtain since proper depth
and anteflexion are required to obtain a true short axis cross section of the LV.
Since the posteromedial papillary muscle is closest to the TEE probe, the depth of
the probe should first be adjusted until it is visualized. If the MV chordae tendinae
are visible, then the probe is too high and should be advanced. Once the depth is
appropriate, small adjustments to the degree of anteflexion should be made until the
anterolateral papillary muscle comes into view (Fig. 2.9; Video 2.9).

The TG midpapillary SAX view is commonly used during intraoperative
monitoring and may frequently be the first view assessed during hemodynamic
instability. Two-dimensional assessment includes volume status, LV systolic
function, and regional wall motion. The TG midpapillary SAX view is especially
useful because all three coronary arteries that perfuse the different segments of the
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Fig. 2.9 TG midpapillary SAX view. The green arrow indicates the anterior wall of the left
ventricle (LV), while the red arrow indicates the inferior wall of the LV. RV right ventricle

myocardium can be assessed simultaneously. However, it is important to remember
that this view only provides a single cross-sectional view of the LV and inadequate
coronary perfusion to the base and apex of the LV will not be detected (see Chap. 4
—Left Ventricular Systolic Function). Color flow Doppler and spectral Doppler are
typically not employed in this view.

Descending Aortic SAX and LAX Views

To obtain the descending aortic SAX view, the probe is returned to the ME
four-chamber view at 0° and turned counterclockwise until the circular-shaped
descending aorta appears in the apex of the image display. To enlarge and optimize
the image, the image depth is decreased and the focus moved to the near field
(Fig. 2.10; Video 2.10). The probe can then be withdrawn and advanced, imaging
the entire descending aorta in short axis. The aortic arch is reached when the aorta
appears elongated at the apex of image display (see “Additional Views” below). At
any point during the evaluation of the SAX of the descending aorta, the multiplane
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Fig. 2.10 Descending aortic SAX view. Ao descending aorta

angle can be rotated to approximately 90° to obtain the descending aortic LAX
view (Fig. 2.11; Video 2.11). Two-dimensional assessment in these views includes
aortic diameter, degree of atherosclerosis, and presence of a dissection. Color flow
Doppler may be helpful in a dissection (see Chap. 10) while spectral Doppler of a
descending aortic LAX view may be helpful in assessing aortic valve regurgitation
(see Chap. 7). In addition, the presence of a left pleural effusion (anterior to the
descending aorta) can be identified in the descending aortic SAX view (Fig. 2.12;
Video 2.12).

Additional Views

When added to the basic PTE exam, the following 9 additional views described
below make up a comprehensive TEE examination and are included for
completeness.
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Fig. 2.11 Descending aortic LAX view. The green arrow indicates proximal while the red arrow
indicates distal aortic segments. Ao descending aorta
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Fig. 2.12 Descending aortic SAX view with a left pleural effusion (green arrow). Ao descending
aorta
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ME Mitral Commissural View

From the ME four-chamber view with the mitral valve positioned in the center of the
image, the multiplane angle is rotated to approximately 60° to obtain the ME mitral
commissural view. As the coaptation line of the MV is curved (“smile shaped”), the
ME mitral commissural view will image through the coaptation line twice, giving the
appearance of a posterior leaflet on the left and right with a central anterior leaflet
portion. This view is helpful in evaluating the location of mitral valve pathology
given that multiple scallops (P3-A2-P1) of the mitral valve can be seen (see Chap. 6).
Other structures that can be seen include papillary muscles, chordae tendinae, and the
coronary sinus (Fig. 2.13; Video 2.13). This view generally involves a 2D assessment
of MV leaflet motion as well CFD for localizing regurgitation.

ME AV LAX View

To obtain the ME AV LAX view, the multiplane angle is rotated to 120-140°
followed by a slight clockwise turn of the probe. In this view, the LVOT, aortic
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Fig. 2.13 ME mitral commissural view. The red arrows indicate posterior mitral valve leaflet,
while the green arrow indicates anterior mitral valve leaflet. LA left atrium; LV left ventricle
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Fig. 2.14 ME AV LAX view with the aortic valve indicated by the green arrow. LA left atrium;
LV left ventricle; Ao proximal ascending aorta

valve, sinus of Valsalva, sinotubular junction, and proximal ascending aorta should
be visualized well (Fig. 2.14; Video 2.14). Compared to the ME LAX view, the
ME AV LAX view allows better evaluation of aortic valve function both struc-
turally and with color flow Doppler, measurements of structures from the annulus to
the proximal ascending aorta, as well as appreciation of atherosclerotic plaques and
dissections.

TG Basal SAX View

From the ME four-chamber view, the probe is advanced into the stomach and then
anteflexed to obtain the TG basal SAX view of the LV. If the papillary muscles of
the LV (TG midpapillary SAX view) are seen, then the probe is slowly withdrawn
until the mitral valve or “fish mouth” comes into view (Fig. 2.15; Video 2.15). This
view can be used to evaluate calcifications of the mitral valve and estimate mitral



2 Transesophageal Echocardiography: Essential Views 31

Fig. 2.15 TG basal SAX view with the green arrow indicating edge of the anterior mitral valve
leaflet and the red arrow indicating the posterior mitral valve leaflet

valve area using planimetry for 2D assessment and localizing regurgitation using
CFD (see Chap. 6).

TG Two-Chamber View

From the TG midpapillary SAX view, the multiplane angle is rotated to approxi-
mately 90-110° to obtain the TG two-chamber view. This view provides a
lengthwise view of the LV for evaluation of regional wall motion abnormalities.
The posterior wall is located at the apex of imaging sector while the anterior wall is
located at the bottom, allowing visualization of the base, mid and apical segments
of both walls (Fig. 2.16; Video 2.16).

TG LAX View

From the TG two-chamber view, the multiplane angle is rotated further to
approximately 120-140° until the LVOT and aortic valve comes into view at the 4
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Fig. 2.16 TG two-chamber view with the green arrow indicating the mitral valve. Note the
papillary muscles and chordae attached to the mitral valve. LA left atrium; LV left ventricle

o’clock position. In addition to the deep TG LAX view (see below), this view is
useful for spectral Doppler interrogation of the LVOT and aortic valve (Fig. 2.17;
Video 2.17).

Deep TG LAX View

With the multiplane angle at 0°, the probe is advanced deep into the stomach,
anteflexed, left-flexed, and then slowly withdrawn until the deep TG LAX view is
imaged (Fig. 2.18; Video 2.18). In this view, the LVOT and aortic valve are aligned
parallel with the ultrasound beam. This parallel orientation allows for optimal
spectral Doppler interrogation. Slow turning of the probe to the left or right may be
needed for proper alignment. Two-dimensional interrogation focuses on the LV
apex (at the apex of the image sector), the mitral and aortic valves, as well as the
ventricular walls. Color flow Doppler interrogation focuses on the MV and AV.
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Fig. 2.17 TG LAX view with the green arrow indicating the aortic valve. LA left atrium; LV left
ventricle
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Fig. 2.18 Deep TG LAX view. The green arrow denotes the mitral valve, while the red arrow
indicates the aortic valve. LA left atrium; LV left ventricle; RV right ventricle
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Spectral Doppler interrogation includes pulsed wave Doppler evaluation of the
LVOT as well as continuous wave Doppler evaluation of the AV. This information
will be helpful in detecting aortic valve gradients, aortic valve area, and cardiac
output (see Chap. 3).

TG RV Inflow View

Starting from the TG midpapillary SAX view, the probe is turned slightly clockwise
until the RV is in the center of the image sector and the multiplane angle subse-
quently advanced to 90—110° until the TG RV inflow view is seen (Fig. 2.19; Video
2.19). This view can be used to evaluate the function and thickness of the RV free
wall as well as tricuspid valve annular size and leaflet motion. The perpendicular
orientation of the TV precludes spectral Doppler analysis of the TV.
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Fig. 2.19 TG RV inflow view. The green arrow indicates the tricuspid valve. RA right atrium;
RV right ventricle
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Upper Esophageal (UE) Aortic Arch LAX and SAX Views

From the ME descending aortic SAX view (Fig. 2.10; Video 2.10), the probe is
slowly withdrawn and turned clockwise (to maintain the aorta in the center of the
imaging sector) until the aorta begins to elongate. Once the aorta has elongated into
an oval shape, the UE aortic arch LAX view has been developed. The image depth
may need to be decreased to optimize visualization (Fig. 2.20; Video 2.20). This
view can be used to evaluate atherosclerotic plaques in the aortic arch as well as
aneurysms and dissections. To obtain the UE aortic arch SAX view, the mutiplane
angle is rotated to 70-90°. This places the aortic arch in a SAX view as well as
brings the pulmonic valve and main pulmonary artery into view on the left-hand
side of the screen. Because of the parallel alignment of the pulmonic valve and
main pulmonary artery with the spectral Doppler line, Doppler interrogation of the
pulmonary valve can be performed in this view. Other structures that can also be
visualized include the left subclavian artery and the brachiocephalic vein (Fig. 2.21;
Video 2.21).
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Fig. 2.20 UE aortic arch LAX view with the green arrow denoting distal aortic arch (Ao) and the
red arrow denoting proximal aortic arch
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Fig. 2.21 UE aortic arch SAX view. The red arrow indicates the pulmonic valve while the green
arrow indicates the brachiocephalic vein. PA main pulmonary artery; Ao aortic arch

Conclusion

The individual views of the basic and comprehensive PTE exam are discussed
above. Again the performed order of the views is not essential. Developing a
systematic approach to the order of the views as well as modalities of interrogation
is important in order to establish a consistent approach to perioperative echocar-
diography. Tables 2.1 and 2.2 outline a suggested order of views for the basic and
comprehensive PTE exam, respectively.
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Table 2.1 Basic perioperative transesophageal echocardiography exam

Image | Image name Image depiction 2D > CFD > Spectral
order

1 ME four
chamber

2D

» Chamber sizes:
RA/LA/RV/LV

* Systolic function: RV/LV

* Ischemia detection: RV/LV

* Valvular anatomy/motion:
TVIMV

CFD

* Valvular pathology: TV/MV

* Interatrial septum:
PFO/ASD

Spectral

* Inflow velocities: TV/MV

* Estimating PASP: TV

2D

e Chamber sizes: LA/LV

* Systolic function: LV

* Ischemia detection:
Anterior/Inferior LV

* Valvular anatomy/motion:
MV

CFD

* Valvular pathology: MV

* Thrombus: LAA

Spectral

 Inflow velocities: MV;
LUPV

e Thrombus: LAA

2D

» Chamber sizes:
LA/LV/LVOT/AV/Ao

* Systolic function: LV

* Ischemia detection:
AntSept/InfLat LV

* Valvular anatomy/motion:
MV/AV

CFD

* Valvular pathology: MV/AV

Spectral

* Inflow velocities: MV

2D

» Chamber sizes: LA

* Valvular anatomy/motion:
AV

CFD

* Valvular pathology: AV

* Interatrial septum:
ASD/PFO

Spectral

* Not typically utilized

(continued)

2 ME two
chamber

3 ME long axis

4 ME AV short
axis
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Table 2.1 (continued)
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Image
order

Image name

Image depiction

2D > CFD > Spectral

5

ME RV
inflow—outflow

L/

2D

» Chamber sizes:
RA/RV/PA/LA

* Systolic function: RV

* Ischemia detection: RV

* Valvular anatomy/motion:
TV/PV

CFD

* Valvular pathology: TV/PV

Spectral

* Estimating PASP: TV

ME bicaval

2D

» Chamber Sizes: LA/RA

* Interatrial Septum:
Competency

CFD

* Interatrial Septum:
ASD/PFO

Spectral

* Not typically utilized

ME ascending
aortic SAX

2D

* Vessel sizes: Ao/PA/SVC
* Dissection/Plaque: Ao

» Thrombus: PA/RPA
CFD

* Dissection: Ao

Spectral

* Not typically utilized

ME ascending
aortic LAX

2D

* Vessel sizes: Ao/RPA
* Dissection/Plaque: Ao
* Thrombus: RPA
CFD

* Dissection: Ao
Spectral

* Not typically utilized

TG
midpapillary
SAX

2D

» Chamber size: LV

¢ Ischemia detection: LV (3
Coronaries)/RV

CFD

* Not typically utilized

Spectral

* Not typically utilized

(continued)
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Table 2.1 (continued)

Image | Image name Image depiction 2D > CFD > Spectral
order

2D

* Vessel size: Ao

* Dissection/Plaque: Ao
CFD

* Dissection: Ao
Spectral

* Not typically utilized

11 Descending 2D
aortic LAX @ * Vessel size: Ao
* Dissection/Plaque: Ao
CFD
* Dissection: Ao

Spectral
* Not typically utilized

10 Descending
aortic SAX

Abbreviations ME midesophageal; TG transgastric; LAX long axis; SAX short axis; 2D two
dimensional; CFD color flow doppler; RA right atrium; LA left atrium; RV right ventricle; LV left
ventricle; MV mitral valve; AV aortic valve; TV tricuspid valve; PV pulmonic valve; LVOT left
ventricular outflow tract; PFO patent foramen ovale; ASD atrial septal defect; LAA left atrial
appendage; LUPV left upper pulmonary vein; Ao aorta; PA pulmonary artery; RPA right
pulmonary artery; AntSept anterior septal wall; InfLat inferolateral wall; SVC superior vena cava
Adapted from Shanewise et al. [2]

Table 2.2 Comprehensive perioperative transesophageal echocardiography exam

Image | Image name Image depiction 2D > CFD > Spectral
order

1 ME four
chamber

2D

» Chamber sizes:
RA/LA/RV/LV

* Systolic function: RV/LV

* Ischemia detection: RV/LV

* Valvular anatomy/motion:
TV/IMV

CFD

* Valvular pathology: TV/MV

* Interatrial septum:
PFO/ASD

Spectral

* Inflow velocities: TV/MV

* Estimating PASP: TV

2D

» Chamber sizes: LA/LV

* Valvular anatomy/motion:
MV

CFD

* Valvular pathology: MV

* Thrombus: LAA

Spectral

* Inflow velocities: MV

* Thrombus: LAA

2 ME mitral
commissural

(continued)
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Table 2.2 (continued)
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Image
order

Image name

Image depiction

2D > CFD > Spectral

3

ME two
chamber

2D

e Chamber sizes: LA/LV

* Systolic function: LV

* Ischemia detection:
Anterior/Inferior LV

* Valvular anatomy/motion:
MV

CFD

 Valvular pathology: MV

e Thrombus: LAA

Spectral

 Inflow velocities: MV}
LUPV

e Thrombus: LAA

ME long axis

2D

* Chamber sizes:
LA/LV/LVOT/AV/Ao

* Systolic function: LV

* Ischemia detection:
AntSept/InfLat LV

* Valvular anatomy/motion:
MV/AV

CFD

* Valvular pathology: MV/AV

Spectral

* Inflow velocities: MV

ME AV LAX

2D

» Chamber sizes: LVOT/AV
Annulus/Ao

* Valvular anatomy/motion:
AV

CFD

* Valvular pathology: AV

Spectral

* Typically not utilized

ME AV short
axis

2D

» Chamber sizes: LA

 Valvular anatomy/motion:
AV

CFD

* Valvular pathology: AV

* Interatrial septum:
ASD/PFO

Spectral

* Not typically utilized

(continued)
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Table 2.2 (continued)

Image | Image name Image depiction 2D > CFD > Spectral
order

7 ME RV
inflow—outflow

2D

» Chamber sizes:
RA/RV/PA/LA

* Systolic function: RV

* Ischemia detection: RV

* Valvular anatomy/motion:
TV/PV

CFD

* Valvular pathology: TV/PV

Spectral

* Estimating PASP: TV

8 ME bicaval 2D
CD * Chamber sizes: LA/RA

* Interatrial septum:
competency

CFD

* Interatrial septum:
ASD/PFO

Spectral

* Not typically utilized

2D

* Vessel sizes: Ao/PA/SVC

* Dissection/Plaque: Ao

* Thrombus: PA/RPA

CFD

* Dissection: Ao

Spectral

* Not typically utilized

2D

* Vessel sizes: Ao/RPA

* Dissection/Plaque: Ao

* Thrombus: RPA

CFD

* Dissection: Ao

Spectral

* Not typically utilized

11 TG 2D

midpapillary » Chamber size: LV

SAX * Ischemia detection: LV (3
Coronaries)/RV

CFD

* Not typically utilized

Spectral

* Not typically utilized

(continued)

9 ME ascending
aortic SAX

10 ME ascending
aortic LAX




42

Table 2.2 (continued)
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Image
order

Image name

Image depiction

2D > CFD > Spectral

12

TG basal SAX

2D

* Chamber size: LV

* Ischemia detection: LV (3
Coronaries)/RV

* Valvular anatomy/motion:
MV

CFD

* Valvular pathology: MV

Spectral

* Not typically utilized

13

TG two
chamber

2D

e Chamber size: LV

* Ischemia detection:
Anterior/Inferior LV

CFD

*» Not typically utilized

Spectral

* Not typically utilized

14

TG LAX

2D

e Chamber size: LV

CFD

* Valvular pathology: AV

Spectral

* Outflow velocities:
LVOT/AV

15

Deep TG LAX

2D

e Chamber size: LV

* Ischemia detection:
Sept/Lat/Apex LV

* Valvular anatomy and
motion: MV/AV

CFD

* Valvular pathology: MV/AV

Spectral

* Outflow velocities:
LVOT/AV

16

TG RV inflow

2D

» Chamber sizes: RV/RA/TV
Annulus

* Ischemia detection: RV Free
Wall

* Valvular anatomy and
motion: TV

CFD

* Valvular pathology: TV

Spectral

* Typically not utilized

(continued)
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Table 2.2 (continued)
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Image
order

Image name

Image depiction

2D > CFD > Spectral

17 Descending
aortic SAX

\—/

2D

* Vessel size: Ao

* Dissection/Plaque: Ao
CFD

* Dissection: Ao
Spectral

* Not typically utilized

18 Descending
aortic LAX

2D

* Vessel size: Ao

* Dissection/Plaque: Ao
CFD

* Dissection: Ao
Spectral

* Not typically utilized

19 UE aortic arch
LAX

2D

* Vessel size: Ao

* Dissection/Plaque: Ao
CFD

* Dissection: Ao
Spectral

* Not typically utilized

20 UE aortic arch
SAX

2D

* Vessel size: Ao/PA

* Dissection/Plaque: Ao

CFD

* Dissection: Ao

* Valvular pathology: PV

Spectral

* Valvular/PA velocities:
PV/Main PA

Abbreviations ME midesophageal; TG transgastric; UE upper esophageal; LAX long axis; SAX
short axis; 2D two dimensional; CFD color flow Doppler; RA right atrium; LA left atrium; RV right
ventricle; LV left ventricle; MV mitral valve; AV aortic valve; TV tricuspid valve; PV pulmonic
valve; LVOT left ventricular outflow tract; PFO patent foramen ovale; ASD atrial septal defect;
LAA left atrial appendage; LUPV left upper pulmonary vein; Ao aorta; PA pulmonary artery; RPA
right pulmonary artery; AntSept anterior septal wall; InfLat inferolateral wall; Sept septal wall; Lar
lateral wall; SVC superior vena cava
Adapted from Shanewise et al. [2]



44 S. Nhieu
References

1. Reeves ST, Finley AC, Skubas NJ, Swaminathan M, Whitley WS, Glas KE, et al. Basic
perioperative transesophageal echocardiography examination: a consensus statement of the
american society of echocardiography and the society of cardiovascular anesthesiologists. ] Am
Soc Echocardiogr. 2013;26(5):443-56.

2. Shanewise JS, Cheung AT, Aronson S, Stewart WJ, Weiss RL, Mark JB, et al. ASE/SCA
guidelines for performing a comprehensive intraoperative multiplane transesophageal echocar-
diography examination: recommendations of the American Society of Echocardiography
Council for Intraoperative Echocardiography and the Society of Cardiovascular
Anesthesiologists Task Force for Certification in Perioperative Transesophageal
Echocardiography. ] Am Soc Echocardiogr. 1999;12(10):884-900.

3. Hahn RT, Abraham T, Adams MS, Bruce CJ, Glas KE, Lang RM, et al. Guidelines for
performing a comprehensive transesophageal echocardiographic examination: recommenda-
tions from the American Society of Echocardiography and the Society of Cardiovascular
Anesthesiologists. ] Am Soc Echocardiogr. 2013;26(9):921-64.



Chapter 3

Basic Ultrasound Physics, Doppler
Ultrasound, and Hemodynamic
Assessment

Gerard R. Manecke, MD

Abstract A basic understanding of physics is necessary for effective clinical use of
ultrasound, and it allows appreciation of the wonderful technology we now use.
Rapid waveform analysis and massive data storage capability make high-resolution
imaging and complex hemodynamic assessment accessible at the bedside.
Understanding the principles of ultrasound physics and applying them to
echocardiography help us to understand the anatomy and function of the heart,
while use of Doppler principles allows us to make assessments of blood flow, valve
areas, and pressure gradients.

Keywords Transesophageal echocardiography - Ultrasound physics - Doppler
principles - Doppler ultrasound - Hemodynamic assessment

Basic Ultrasound Physics

Some animals make use of sound wave reflections to determine their position and
direction of motion (echolocation) [1, 2]. Bats, with their poor vision, transmit
ultrasonic signals and are particularly adept at echolocation [3, 4]. Visually
impaired humans can develop similar capabilities using audible sound, resulting in
an impressive ability to navigate surroundings [5, 6]. Ultrasound in the form of
Sound Navigation and Ranging (SONAR) was developed in early twentieth cen-
tury, and was first employed for military purposes shortly after the First World War
[7]. Medical ultrasound was first introduced by George Ludwig in 1949 [8] and
cardiac ultrasound was first employed in 1953 [9]. An explosion in computer
technology in the 1980s allowed the development of two-dimensional (2D) ultra-
sound for continuous imaging, Doppler blood flow, and tissue movement mea-
surements. Further advances in computer technology provide the high-resolution
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three-dimensional imaging with continuous display we currently enjoy [10].
A timeline of the history of ultrasound is shown in Fig. 3.1.

Physics of Ultrasound

Sound waves are pressure waves: compressions and rarefactions of the molecules
occur in the medium in which they are traveling. Like all waves, sound waves have
amplitude (loudness) and frequency (pitch) (Fig. 3.2). Humans can hear sounds
within the range of 20-20,000 cycles per second (Hz). Ultrasound is sound at
frequencies above the audible range (>20,000 Hz), while medical ultrasound is in
the mega-Hz (MHz) range, or millions of Hz (Fig. 3.3).

Sound transmission depends upon the density of the medium, with higher
density substances such as liquid transmitting sound more rapidly and efficiently
than air. Ultrasound does not travel well through gas, so gas-filled spaces such as
bronchi and gastric air result in “blackout” of the ultrasound image. Lower fre-
quency sound tends to propagate farther than high frequency sound. One notices
this when a storm is approaching. When the storm is distant, thunder sounds like a
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Fig. 3.3 Sound frequencies. Sound and Ultrasound
Medical ultrasound is in the

Mega-Hz (million Hz) range I s w -

<20 Hz 20-20,000 Hz >20,000 Hz
Infrasound Sound Ultrasound

1 Hz =1 cycle/sec

Sound (Audible) 20-20,000 Hz
Ultrasound: >20,000 Hz
Medical Ultrasound MHz

1 MHz=1,000,000 Hz

Fig. 3.4 “Specular Echoes.”
Ultrasound waves bouncing
off tissues of varying density,
A is the intimal flap of an
aortic dissection, B is the
distal wall of the aorta

low-pitched “rumble.” As the storm approaches, the sound of thunder includes
higher frequencies, resulting in a “thunder clap.” Ultrasound behaves similarly, so
imaging objects distant from the transducer requires lower frequencies than imaging
close objects.

When sound waves strike an interface of a different density, they bounce off that
interface. This is the principle upon which two-dimensional ultrasound is based
[11]. The ultrasound transducer emits ultrasound, the ultrasound bounces off a
density interface (object) back to the transducer, and the time required allows
calculation of the distance the object is from the transducer. As demonstrated in
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Fig. 3.4, a cross-sectional image of the descending aorta shows ultrasound waves
bouncing off of two density interfaces: a dissection intimal flap (A) and the distal
wall of the aorta (B). A perpendicular orientation of the object to the ultrasound
probe is optimal for return of echo signals. A parallel orientation may not provide a
sufficient reflection of signals, leading to drop out.

Ultrasound Probes

Ultrasound probes have both emission and sensing capabilities. Each probe contains an
array of pressure-electric (piezoelectric) crystals that convert electrical energy to pres-
sure waves (for emitting ultrasound) and pressure waves to electricity (for sensing). The
lateral resolution of the image depends upon the distance between the crystals aligned
within the probe, with a smaller distance associated with better resolution (Fig. 3.5).
The lateral resolution may also be altered by focusing. Akin to utilizing a magnifying
glass in the sunshine to focus the sunlight into a narrow beam, modern ultrasound
machines have an adjustable focal point that represents the narrowest part of the beam
(Fig. 3.6). Lateral resolution is best at the focal point, but is quite poor in the far field
(distal to the focal point). Therefore, it is recommended to place the focal point at the
level of the structure of interest.

The longitudinal, or axial resolution depends on the pulse length, with shorter
pulse length resulting in better resolution (Fig. 3.7). Pulse length can be decreased
either by increasing the frequency of the probe (and thus decreasing the wave-
length), or decreasing the cycles/pulse Eq. 3.1 and Eq. 3.2. Higher frequency
probes with shorter wavelengths thus have better resolution Eq. 3.3. Note that
resolution is expressed as distance, so a lower number indicates better resolution.

Fig. 3.5 Lateral resolution
depends upon the distance
between piezoelectric crystals
in the probe
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Fig. 3.6 Focus influence on

beam width. The narrowest

portion of the beam is at the

focal point with poorer

resolution in the far zone Transducer

—_—
Near Zone ———
Focal Point ——— =
Far Zone ——— =
Fig. 3.7 Axial resolution Linear (Axial)
depends upon the pulse length Resolution

and the probe frequency

I

Frequency = 1/wavelength (3.1)

Pulse length = wavelength x cycles/pulse (3.2)
0.77 x cycles
pulse

Axial Resolution = (3.3)

Frequency

The effects of probe frequency on ultrasound imaging are summarized in
Table 3.1, with the general rule that distant objects can be viewed best using a low
frequency probe, however, the resolution will be poorer at the lower frequency.
Likewise, small objects close to the probe, such as the radial artery with surface
ultrasound, are best visualized using a high frequency probe because of the asso-
ciated high resolution. The trade-off of high frequency imaging is the inability to
visualize deeper structures due to energy dissipation.
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Table 3.1 The effects of
probe frequency on
ultrasound imaging

* High frequency

— More energy dissipation
— Better linear resolution
— Close objects with high resolution

* Low frequency

— Less energy dissipation
— Poor linear resolution
— Far objects viewed but less resolution

While lateral and axial resolution represent the spatial resolutions of ultrasound,
cardiac ultrasound requires interpreting moving clips as opposed to still images.
Therefore, one must consider temporal resolution. This is similar to movie and
television images where at an analog movie theater one would note a flickering of
the image, however, at home on a television there is no longer a flickering of the
image. With modern televisions, the high-definition frame rate is high enough such
that even fast moving objects (e.g., sporting events) appear smoothly. This is due to
the improved frame rate moving from analog movie theater to television to
high-definition television.

With ultrasound, the machine has to produce numerous ultrasound pulses in a
fan-like fashion to develop one single image. Repeating this process will provide
subsequent images yielding a moving clip. The number of images developed per
second is termed the frame rate. The more imaging (e.g., deeper or wider) and
processing (e.g., color flow Doppler in addition to 2D) that a machine is requested
to do, the longer it will take to generate a single image, subsequently reducing the
frame rate. If the frame rate is too slow, the video will begin to appear choppy or
flip-book like, reducing the ability to detect fine cardiac movement. Therefore, only
the depth needed and the color flow Doppler box size needed should be utilized to
maintain the best frame rate.

Doppler Ultrasound

In 1842, Austrian physicist Christian Doppler postulated that the difference in color
between double stars could be explained by their motion. The effect of an object’s
motion on the frequency of waves detected from it is known as the “Doppler
Effect.” An example of the Doppler effect is the change in pitch of a train whistle as
the train passes by an observer. This principle is applied in ultrasound with blood
flow velocity measurements as illustrated in Fig. 3.8. Ultrasound at a known fre-
quency (fy) is transmitted from the probe, bounces off a moving object (blood cells),
and the reflected sound is detected by the probe. The frequency of the returning
ultrasound (f;) is calculated, and the frequency shift between the transmitted and
returning ultrasound (Af) is used to calculate the velocity of blood flow (V):
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Fig. 3.8 Doppler assessment
of blood flow velocity. The
closer the alignment of blood
flow with the Doppler beam
(angle © = 0), the more
accurate the result. V is blood
flow velocity, fr is transmitted
frequency (known), Fp is the
returning frequency
(calculated). The difference -
between f; and Fy is the
frequency shift, Af

_ C(4f)
V= 2fr cos 0 (34)

V = velocity of blood flow, C = speed of sound, Af = frequency shift (difference
between transmitted and received frequency), ® = angle between blood flow path
and Doppler beam.

Closer alignment of the blood flow and the Doppler beam (®) yields a more
accurate measurement (cos 0° = 1). Of note, the cos 90° = 0 and therefore, mea-
surement of flow perpendicular to the probe cannot be calculated. As opposed to 2D
imaging which prefers the object to be perpendicular to the probe, Doppler imaging
prefers the object to be parallel in orientation.

The Doppler Principle is used clinically in three ways: color flow Doppler (CFD),
pulse wave Doppler (PWD), and continuous wave Doppler (CWD). CFD results in a
real-time color flow diagram, PWD determines the velocity at a discrete area in space
(“sample volume”), and CWD determines flow velocity along an axis. Tissue
Doppler is simply a variation of PWD, used to determine the velocity of tissue
movement (e.g., the mitral annulus) as opposed to blood movement. The charac-
teristics, uses, and limitations of Doppler techniques are summarized in Table 3.2.

An important and sometimes useful artifact is aliasing. Aliasing is a false fre-
quency wave or image resulting when the sampling rate of the sensor is too low to

Table 3.2 Characteristics and clinical use of Doppler techniques

Color flow Pulse wave Continuous wave
Doppler Doppler Doppler
Color map + - -
Assess flow at a discrete + + -
area
Assess flow along an axis - - +
Qualitative assessment Very useful Useful Less useful
Quantitative assessment Less useful Less useful Very useful
high flow
Aliasing + + -
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Fig. 3.9 “Wagon Wheel
Effect.” Rapid movement of
spokes is interpreted as slow
moving, large “blurred”
spokes, often in the opposite
direction >

)

Wagon Wheel Effect

accurately detect the high frequency of the returning signal. The Nyquist Theorem
states that the sampling rate must be at least twice the frequency of the wave being
sampled. The Nyquist Limit is the highest frequency that can be accurately sampled
at a given sampling rate. Aliasing is often called the “Stroboscopic” or “Wagon
Wheel” effect, in which rapidly moving spokes of a wheel in one direction appear
as slow moving blurred spokes (Fig. 3.9, https://www.youtube.com/watch?v=
JHS9JGKEOmA). This results from either, in a video, the frame rate being too slow
to pick up the actual speed of the spokes, or in real time, the inability of the human
central nervous system to process the fast spoke motion. If the “snapshots” (sam-
ples) of the moving spokes are not frequent enough, the spokes appear to be moving
slowly, sometimes in the opposite direction.

After transmitting an ultrasound wave, the probe “samples” the returning wave.
In CFD and PWD, the probe “waits” until a transmitted signal bounces off the target
and is received, so the sampling rate is limited by this process. Aliasing thus results
if the returning frequency is higher than half the sampling rate. In CWD, the
sampling and transmission are simultaneous—the probe does not wait for the
returning signal, so aliasing does not occur. CWD is thus preferred for measurement
of high velocity (high returning frequency) flow. Aliasing results in the “wrap
around” appearance of PWD tracings (Fig. 3.10) and the appearance of flow in the
opposite direction of the actual flow in CFD (Fig. 3.11). The latter may be useful,
since the velocity at which aliasing occurs is known and can be applied to calcu-
lations such as Proximal Isovelocity Surface Area (PISA) [12].

Hemodynamic Assessment

Echocardiography can be used for an accurate assessment of hemodynamics. The
most common applications are quantifications of flow, valvular area, and pressure
gradients.


https://www.youtube.com/watch?v=jHS9JGkEOmA
https://www.youtube.com/watch?v=jHS9JGkEOmA
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Fig. 3.10 Pulse Wave Doppler of transmitral flow. Flow away from the transducer is displayed as
below the zero line. Flow becomes so rapid (green arrow) that it is displayed as flow in the
opposite direction (red arrow, “Wrap Around”)

Flow

Blood flow measurement is typically utilized in determining stroke volume and
subsequently cardiac output. A stroke volume is determined by calculating the
cross-sectional area of the blood vessel and multiplying it by the area under the
Doppler velocity—time curve. The area under the Doppler velocity—time curve is
called the “Velocity Time Integral” (VTI), or the “Stroke Distance.” Figure 3.12a
explains how the area under the curve provides a distance by plotting velocity and
time of a traveling car. In the example, a car traveling at 75 miles per hour for 2 h
will have traveled a distance of 150 miles (analogous to “Stroke Distance”). The
cross-sectional area of the blood vessel is estimated by determining the radius of the
vessel (diameter divided by 2) and assuming the shape is circular (area = nrz)
(Fig. 3.12b).

Stroke Volume = Area * VTI (3.5)

For example, to calculate the left ventricular stroke volume, one can measure the
diameter of the left ventricular outflow tract (LVOT) using the midesophageal
aortic valve long axis view (Fig. 3.13a), with Area = n(D/2)> Using the deep



54 G.R. Manecke

PHILIPS TIS0.6 MI 0.4

CX7-2tIAdult

FR 18Hz
14cm

i
. <
'PAT T- 37.0C
TEE T: 39.4C

Fig. 3.11 Midesophageal four-chamber view with transmitral color flow Doppler demonstrating
aliasing. The flow map (A) indicates that flow away from the probe is blue, flow toward the probe
is yellow, and the limit below which aliasing does not occur is 60.2 cm/sec. The arrow shows an
aliasing line, where flow exceeds 60.2 cm/sec, and downward flow turns from blue to yellow. LA
left atrium; LV left ventricle

transgastric long axis view, CWD can be used to obtain the LVOT systolic Doppler
wave, and the VTI can be determined by tracing the wave. Stroke volume is then
calculated by multiplying the LVOT area by the VTL

Valvular Area

In a closed fluid system, the amount of flow through one section is the same as the
amount of flow through another. This conservation of mass principle is described by
the Continuity Equation. Most commonly utilized in the case of aortic stenosis (see
Chap. 7—Aortic Valve), the flow through the aortic valve is the same as the flow
through the LVOT, so the valve area of the stenotic valve can be determined:

Ay V) = Ay® Vy (3.6)
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Fig. 3.12 a Graph of the
speed of a car versus time.
The area under the curve
which is shaded green
demonstrates the distance the
car traveled. b Depiction of
the cross-sectional area of a
cardiac structure multiplied
by its velocity time integral
(“Stroke Distance” will yield
a stroke volume). CSA
Cross-Sectional Area; VTI
Velocity Time Integral; HR
Heart Rate; SV Stroke
Volume

(a)
75mph
o
Q
[h]
o
(%]
Time
2 hours
(b)
Cross Sectional Area
(CSA = nr?)
Stroke
Distance
(V1)

Stroke Volume = CSA x VTI
Cardiac Output = HR x SV

In this example, Apvor * Vivor = Aav * Vay, where AV is aortic valve and
LVOT is Left Ventricular Outflow Tract. One measures the area of the LVOT, and
the VTIs for the AV and LVOT (Fig. 3.13a, b). Solving for the area of the AV:

Aav= (Arvor * Vivor)/Vav

Pressure Gradient Estimation

Clinically, practitioners often think in terms of pressure (mmHg) while echocar-
diography measures velocities. Therefore, a relationship between velocity and
pressure is necessary to provide appropriate clinical estimations. The pressure
gradient across a valve or orifice can be determined using the modified Bernoulli

Equation,
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Fig. 3.13 a Measurement of the diameter (red arrow) of the left ventricular outflow tract (LVOT)
using the midesophageal aortic valve long axis view. b The “Double Envelope,” showing a
velocity envelope for the LVOT (red arrow, red box) and a higher velocity envelope for the aortic
valve (green arrow, green box). Velocity Time Integrals (VTI) are used in the Continuity Equation
for calculation of the aortic valve area (yellow box)
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P=4Vv? (3.7)

where P is the pressure gradient, and V is the peak velocity in m/sec. For example,
the systolic right ventricular pressure gradient between right ventricle and right
atrium can be determined by CWD across the tricuspid valve. The peak velocity of
the regurgitant jet, in m/sec, is used in Eq. 3.7. The right ventricular systolic
pressure can then be estimated by adding the value of the gradient to the right atrial
or central venous pressure (CVP). In the absence of pulmonic valve stenosis, right
ventricular systolic pressure is equal to pulmonary artery systolic pressure.
Therefore, the application of the modified Bernoulli equation to a tricuspid regur-
gitation jet in addition to CVP provides an estimation of pulmonary artery pressures
(Fig. 3.14).
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Fig. 3.14 A continuous wave Doppler profile of a tricuspid regurgitation (TR) jet. The right
ventricular systolic pressure (RVSP), which is an estimation of pulmonary artery systolic pressure,
is determined by applying the modified Bernoulli equation to the peak regurgitant velocity in
addition to the CVP (RA Pressure). RA right atrial; Vmax maximum velocity; PG pressure gradient
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Summary

Understanding basic principles of sound wave reflection, propagation, and fre-
quency, as well as digital sampling facilitates the effective clinical use of ultrasound
technology. These principles can be applied to understand the anatomy and function
of the heart, as well as the assessment of blood flow, valve areas, and pressure
gradients.
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Part 11
Echocardiographic Assessment



Chapter 4
Left Ventricular Systolic Function

Seth T. Herway, MD, MS, Raimy Boban, MD
and Swapnil Khoche, MBBS

Abstract The estimation of left ventricular systolic function, both qualitative and
quantitative, remains essential to the perioperative management of the cardiovas-
cular status of the surgical patient. As a result of its portability and versatility,
echocardiography is now widely used for this purpose (Lang et al. in European
Journal of Echocardiography 7(2):79—-108, 2006 [1]). The spectrum of techniques
for assessment of left ventricular systolic function is wide. This chapter provides an
overview of some of the techniques that are essential for the basic echocardiog-
rapher and delineates the advantages, disadvantages, and pitfalls of each.

Keywords Echocardiography - Ejection fraction - Fractional shortening - Systolic
function - dP/dt - Myocardial performance

Echocardiography has long been used for the assessment of left ventricular function
and the diagnosis of heart failure [2]. However, because a gold standard to measure
true efficacy of cardiac contraction (adequate blood propulsion with low filling
pressures that lead to adequate tissue perfusion) does not exist, surrogates such as
ejection fraction (EF) are employed [3].

The ejection fraction is a measure of the left ventricle’s (LV) ability to project
forward a proportion of volume it contains at the end of diastole. End diastole is
noted by mitral valve closure and correlates with the onset of the QRS complex on
the electrocardiogram (ECG). End systole immediately precedes the mitral valve
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opening and correlates with the end of the T wave on ECG [4]. The American
Society of Echocardiography (ASE) defines normal ejection fraction as greater than
52 % for men and 54 % for women [5]. As the amount of blood ejected is the
difference between end-diastolic and end-systolic volumes, EF is mathematically
represented as

EF = [(LVEDV — LVESV)/LVEDV] x 100
LVEDV = LV end diastolic volume
LVESV = LV end systolic volume

For a majority of echocardiography-derived parameters, the above formula is
utilized with other measurements substituted for the volumes such that

EF = [(LV ED parameter — LV ES parameter)/LV ED parameter| x 100

The methods described in this text provide estimations of EF or surrogate
measures of left ventricular systolic function (refer below table). Methods that
should be familiar to the basic echocardiographer include visual estimation of EF,
fractional shortening, fractional area change, the modified Simpsons method, the
rate of rise of ventricular pressure, and mitral annular motion utilizing tissue
Doppler imaging. Advanced techniques such as three-dimensional (3D) EF mea-
surement and global longitudinal strain analysis will be briefly mentioned, however,
these methods are beyond the scope of this text.

LYV systolic function

2D * Reduced FS, FAC, EF

» EF Determination: Modified Simpson’s method or Visual Estimation
 Secondary changes—LAE, biventricular dysfunction

CFD * Typically not utilized

Spectral * dP/dt determination

« S'—Tissue Doppler Imaging

LV left ventricle, F'S fractional shortening; FAC fractional area of change; EF ejection
fraction; LAE left atrial enlargement; dP/dt rise in pressure over time; S’ lateral mitral
annular velocity
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Visual Estimation of Ejection Fraction

The most basic way to determine a patient’s ejection fraction is to qualitatively
estimate it based on visual evaluation on echocardiography. Although objective
measures of LV function result in reduced interobserver variability and better
reproducibility, visual estimation of ejection fraction by skilled echocardiographers
can approach objective measurements [6]. For the basic echocardiographer, a
simple qualitative estimate of poor, moderate, or good ventricular function is often
all that is needed. Over time, as experience is gained in obtaining objective mea-
surements of EF, the practitioner will be better able to calibrate their visual estimate
of the patient’s EF with the actual quantitative estimate. The mid-esophageal
four-chamber and the transgastric mid-papillary short axis windows are excellent
views for visual estimation of EF by visually comparing the size of the chamber at
end diastole versus end systole.

It is important to note that both quantitative and qualitative estimates of EF can
be prone to error in cases of arrhythmia, extremes of heart rate, and presence of
significant wall motion abnormalities. Most two-dimensional (2D) measurements
rely heavily on adequate endocardial border definitions, which require gain opti-
mization to improve the blood—tissue interface. Contrast agents may be used to
better delineate LV volumes, but their use for this purpose has not been well
verified [5].

Fractional Shortening

Fractional shortening is a linear measurement of changes in the LV cavity,
expressed as a percentage. In order to calculate the percentage of fractional short-
ening, a transgastric mid-papillary short axis view is obtained and endocardial
border-to-border measurements of the LV cavity during systole and diastole is
acquired. Measurements of the endocardial borders can be made directly from the
transgastric mid-papillary short axis window or using M-mode with the interro-
gation line along the inferior and anterior wall. As described in the equation below,
fractional shortening is calculated as a percentage of the difference between the
internal diameters of the LV at systole and diastole. Care should be taken to exclude
the papillary muscles from the measurement to avoid error. Normal values for
fractional shortening are 25-45 % [5] (Figs. 4.1a, b and 4.2).
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Fig. 41 a The TG mid-papillary SAX view in systole where endocardium to endocardium
measurements are obtained. The machine calculates an end-systolic volume based on a
predetermined algorithm. b The acquisition of an end-diastolic dimension results in a calculation
of fractional shortening (FS) as well as estimations of end-diastolic volume and EF based on
predetermined algorithms. The case demonstrates the LV function as being reduced. (low FS)
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Fig. 4.2 M-mode-based FS calculation along a one-dimensional axis from inferior to anterior
walls. The dark portions denote the LV cavity, while the echogenic lines indicate inferior and
anterior wall motion over time. Note that care has been taken to exclude the papillary muscles,
which encroach on the LV cavity during systolic measurement. Fractional shortening is obtained
by noting the internal diameter in systole and diastole

Fractional shortening of the LV (%) = [(LVIDd — LVIDs)/LVIDd] x 100
LVIDd = LV internal diameter at end diastole
LVIDs = LV internal diameter at end systole

Whether it is from traditional 2D imaging or M-mode, fractional shortening can
provide an estimate of LV systolic function, however, it is the least representative of
overall global function, especially with regional abnormalities and distorted LV
geometry. This limitation results from the fact that fractional shortening is a
measurement of just one dimension along two isolated points along the LV and is
not representative of the entire LV. This measurement does not take into account
septal and lateral wall motion as well as basal and apical function. Another source
for error is the need for appropriate beam orientation, since an off-axis ultrasound
beam orientation can result in inappropriate measurements of LV internal diameters
[5]. It is also vital to remember that most reference values for fractional changes, in
either ventricular dimensions or area, are different from the reference values for EF.
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For instance, a fractional shortening of 30 %, while “appearing” as a low per-
centage actually represents normal systolic function [1]. However, most machines
will provide a corresponding EF value extrapolated from the values being
measured.

Fractional Area Change

Fractional area change extends the principle of fractional shortening to two
dimensions, evaluating the change in the cross-sectional area of the LV during
systole and diastole to estimate LV systolic function rather than just the change in
the LV cavity along a straight line (single dimension). Fractional area change is
easy to perform, reproducible, and provides a more accurate surrogate for EF than
fractional shortening. Although multiple methods have been devised to put this
principle into practice, measuring fractional area change at the transgastric
mid-papillary short axis view is the quickest since it requires just one view to be
obtained. However, it should be noted that calculating fractional area change in a
single plane is still not a global representation of LV function and can become very
inaccurate in the setting of wall motion abnormalities and LV distortion. In par-
ticular, simply utilizing the TG mid-papillary short axis view will not account for
wall motion of the basal and apical LV segments.

In order to calculate the fractional area change, the internal area of the LV cavity
can be traced out manually at end systole and end diastole, carefully excluding the
papillary muscles from the tracing. The difference in the area of the LV at end
systole and diastole is then calculated as a percentage according to the equation
below:

Fractional Area Change of the LV (%) = [(LV EDA — LV ESA)/LV EDA| x 100
LV EDA = End diastolic area of the left ventricle
LV ESA = End systolic area of the left ventricle

Some machines have algorithms that automate this process using semiautomatic
endocardial border detection. Normal values are defined as 56—62 % for males and
59-65 % for females [7].

Left Ventricular Volumes

Determination of ejection fraction requires calculation of ventricular volumes at end
diastole and end systole. While a volume is a three-dimensional measurement,
performing this calculation from two-dimensional images can be challenging and
often requires geometrical assumption of the left ventricular shape. Multiple
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methods exist (ellipsoid method, bullet method, etc.) to provide this estimation of
the left ventricle, however, the modified Simpson’s method described below is the
most often utilized.

The ellipsoid method recognizes the nonspherical shape of the LV, and attempts
to calculate its volume as a symmetrical ellipsoid. A line connecting the insertion
points of the mitral leaflets (the mitral annulus) forms the base of the ellipsoid. In a
ME four-chamber, ME two-chamber, or a TG two-chamber view, the LV is divided
into two axes along its length and width, and its volume using the single plane

Fig. 4.3 A diagrammatic
explanation of the ellipsoid
method for determining LV
volume which is based on the
LV internal diameter (LVID)
and the LV length

LVID

Fig. 4.4 Diagram explaining
the assumption that LV is a
“bullet” shape where part is
cylindrical while the
remainder is hemispheric

LV SAX
diameter
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ellipsoid method is calculated utilizing a formula involving the left ventricular area
in the long axis view and the diameter of left ventricle. To further increase the
accuracy of the estimation, the biplane ellipsoid method uses the above parameters
in addition to minor axis and short axis area measurements. Another form of LV
volume estimation is the bullet formula or the hemisphere-cylinder formula. It
assumes that the LV is shaped like a hemisphere sitting on top of a cylinder [8]
(Figs. 4.3 and 4.4). These methods have not gained popularity in LVEF estimation,
likely related to the complexity of the techniques, introduction of errors in mea-
surement of the LV area and interobserver variability.

Modified Simpson’s Method

The modified Simpsons method is the preferred technique of two-dimensional
echocardiography-based LV volume estimation and EF determination per the ASE
[5]. This method is an extension of the previously discussed fractional area change
method, except the fractional area change is now calculated at multiple points
across the LV instead of a single “slice,” thus essentially providing a measure of
fractional volume change. The modified Simpsons method divides the LV into a
series (typically 20) of symmetrical discs. The volume of each disc is calculated
based on the height and the diameter of the disc and summated to obtain an LV
volume. This is analogous to calculating the volume of a stack of different diameter
coins, where the diameter of the coins corresponds to the diameter of that particular
segment of the left ventricle. The mid-esophageal four-chamber and two-chamber
views are commonly used for this method [8]. Although it can be done using either
single view, combining the two increases accuracy. The endocardium is either
manually or automatically traced (if available) by the machine software in both the
mid-esophageal four-chamber and two-chamber views at end diastole and end
systole. The ultrasound machine software splits the designated area into 20 discs
and calculates the volume of each disc as well as a summation of all discs (i.e., LV
volume estimation). This process is repeated for end-diastolic and systolic volumes
in both views (i.e., septal-lateral in the ME four-chamber view and anterior—pos-
terior in the ME two-chamber view), thus generating a biplane EF (Fig. 4.5a—d].

The modified Simpson’s method is easy to perform and has been shown to have
low interobserver variability [9]. Although this technique overcomes some of the
difficulties in estimating EF in patients with altered LV geometry and segmental
dysfunction, it is important to remember that only two views of the LV are used to
predict global function. Therefore, it is still possible to miss dysfunction of seg-
ments not visualized and therefore may not truly be representative of the entire LV.
Adequate 2D imaging is essential to reduce foreshortening, which results in reduced
volume estimation and errors in EF estimation [10]. To ensure foreshortening of the
LV is not causing errors in calculation, there should be less than a 10 % discrep-
ancy between the measurements in the ME four-chamber view and the ME
two-chamber view for both phases of the cardiac cycle [5].
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Fig. 4.5 Modified Simpson’s method of EF calculation. The dotted line from mitral valve annulus
describes the length of the LV while the numerous horizontal lines depict the stack of “discs” from
which the volume of the LV is calculated. a ME four-chamber view in systole. b ME four-chamber
view in diastole. ¢ ME two-chamber view in systole. d ME two-chamber view in diastole

Rate of Rise of Ventricular Pressure (dP/dt)

The rate of rise of left ventricular pressure (dP/df) is used as a single measure to
evaluate left ventricular systolic function. The left atrial (LA) pressure changes
during systole are negligible, and therefore the mitral regurgitant velocity used to
estimate the pressure gradient that forms is primarily a result of the rise in LV
pressure only. LV contractility determines how swiftly the pressure gradient
develops between the LV and LA, making dP/d¢ an appropriate surrogate for
measurement of left ventricular systolic function.

The basis of this method is the modified Bernoulli equation: P = 4v?, discussed
in Chap. 3. The ME four-chamber view is used with a focus on the mitral valve and
the mitral regurgitant (MR) jet. Other views of the mitral valve from the
mid-esophageal position can also be considered if alignment of the jet is improved
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Fig. 4.6 The measurement for the rate of ventricular pressure rise (dP/dr). The determination of
dP/dt = 32 mmHg/0.014 s = 2285 mmHg/s, which denotes a normal ventricle. The red arrows
indicate the pressure gradient determinations at 1 and 3 m/s respectively. The time required to
increase pressure is calculated as 14 ms

with the Doppler interrogation line. The cursor is placed over the MR jet during
systole, and a continuous wave Doppler waveform is obtained, ensuring the scale is
appropriately set to at least 5 m/s. The caliper is placed on the ascending edge of the
MR jet envelope at 1 m/s and 3 m/s and the time needed for this transition is
measured and converted to seconds (¢) [11] (Fig. 4.6).

The pressure gradient that drives the mitral jet changes from 4 mmHg when the
velocity is 1 m/s (4v> = 4 X (1) > = 4) to 36 mmHg when the velocity is 3 m/s
(4v2 =4 X (3)2 = 36). The pressure gradient change (dP) is therefore 32 mmHg,
which remains constant for the calculation [12]. The time to change (df) from
4 mmHg to 36 mmHg is therefore determined from the measurement. The fol-
lowing equation is used to measure the rate of change in the pressure gradient:

dP/dr = [4(3)? — 4(1)2} Jt — (36 — 4)/t — 32/t; therefore,
dP/dr = 32/t, with tin seconds

A value of greater than 1000 mmHg/s is considered normal. The advantages of
this technique include ease of performance and relative load independence. The
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measurement also correlates well with other parameters of systolic function.
However, it requires the presence of a well-aligned mitral regurgitation jet, and is
prone to error with significant alterations in left atrial pressure.

Tissue Doppler Imaging

During systolic contraction, the piston-like contraction of the LV pulls the mitral
annulus downward toward the LV apex and the speed of this displacement can be
used as a surrogate for left ventricular systolic function. Utilizing tissue Doppler
imaging which uses an inverted filter to measure the velocity of lower speed, high
intensity signals (i.e., myocardium) filtering out higher speed, low intensity signals
(i.e., blood), the peak velocity that the mitral annulus attains can be measured.
Mitral annular velocity (S') reflects the longitudinal motion of the left ventricle and
correlates well with global systolic function, analogous to the use of Tricuspid
Annular Motion for the right ventricle (see Chap. 8). As well, this measurement can
be predictive of cardiac mortality in patients over time [13].

A mid-esophageal four-chamber view is used, with focus on the lateral mitral
annulus. Tissue Doppler Imaging (TDI) modality is used, which generates a
color-coded image on the screen, reflecting tissue motion towards and away from
the ultrasound probe. Pulsed-wave Doppler is used with the sample volume cursor
placed over the lateral mitral annulus. The height of the S’ wave, the deflection
below the baseline during systole, is measured and represents the peak systolic
velocity of the lateral mitral annulus. Healthy subjects generally have a velocity of
more than 7.5 cm/s; though placing the cutoff at 10 cm/s makes this measurement
even more specific [14]. In LV failure, this velocity is almost always below 5 cm/s
(Fig. 4.7). This method offers ease of performance, reliability, and relative load
independence as its advantages [8]. Additionally, no endocardial tracing is needed
[15]. However, a calcified mitral valve can confound the measurement, since the
lack of movement of a calcified annulus can underestimate LV function. It is also
not accurate in the presence of a prosthetic mitral valve.

Advanced Methods

Three-Dimensional (3D) EF Calculation

This modality correlates well with the gold standard, cardiac MRI, and with recent
improvements in technology, can be carried out relatively quickly [16]. It involves
post-capture processing of a full volume dataset, typically with multi-beat acqui-
sition (Fig. 4.8; Video 4.1). Since it involves visualization of the entire LV, wall
motion anomalies and altered LV geometry typically do not impact the results. It is,
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Fig. 4.7 Tissue Doppler-based calculation of the lateral mitral annular velocity during systole
(green arrow). The measurement is obtained below the baseline since during systole the annulus
movement is downward toward the apex

however, technically difficult and time consuming and relies heavily on excellent
2D visualization in all segments. In the presence of arrhythmias, multi-beat
acquisition is not possible, degrading the temporal resolution, as well as the
accuracy of the results. The details of this methodology are outside the scope of this
text, but can be found elsewhere [16]. Data regarding its efficacy continues to
emerge, and this may become the modality of the future as workflow becomes less
complicated [17].

Global Longitudinal Strain (GLS)

Strain measurement is a load-independent variable that uses the analysis of indi-
vidual bright spots on the ultrasound image (speckles), and calculates the
myocardial deformation and strain based on the separation of individual speckles
during the cardiac cycle. Strain can be calculated using tissue Doppler as well, but
speckle tracking is becoming the preferred modality [3]. The complete methodol-
ogy of this technique is outside the scope of this text, but it is important to note that
normal strain values are reported as negative numbers, since systolic myocardial



4 Left Ventricular Systolic Function 73

‘-t‘
B
w

N

n

L

Fig. 4.8 Calculation of EF using 3D echocardiography. The individual lines represent contri-
bution from all LV segments. The global EF is displayed on the panel to the right (green arrow)

length is shorter than diastolic (due to the contraction). Scant data and
time-consuming calculations have prevented widespread use and it remains pri-
marily a research tool [5] (Fig. 4.9; Video 4.2).

Measurements of Left Ventricular Geometry

Left Ventricular Wall Thickness

The wall thickness of the LV during diastole is a measure of its hypertrophy, and is
generally measured from the transgastric short axis view at the level of the papillary
muscles. Both 2D and M-mode can be used. The septal wall is measured from the
endocardium to the endocardium, whereas the inferolateral wall is measured from
the endocardium to the epicardium. Sources of error can include measurement of an
oblique section of the wall, a regional aneurysm, and inclusion of pericardial
structures or papillary muscles. While LV hypertrophy does not contribute directly
to abnormal systolic function, its identification may indicate the presence of LV
diastolic dysfunction. Normal values are 0.6—1.0 cm and 0.6-0.9 cm for males and
females, respectively [5].
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Fig. 4.9 Measurement of global longitudinal strain using speckle tracking in 2D echocardiog-
raphy. The individual lines represent individual segments, while the white dotted line represents
the global summation of individual strain measurements

LYV Mass Calculation

While not typically utilized in noncardiac surgery, LV mass is a strong predictor of
adverse cardiovascular events and can be calculated from M-mode, 2D, or 3D
images. M-mode is generally used for screening large population samples, whereas
2D methodology is used in cases of altered LV geometry and for serial measure-
ments in one patient. All measurements are done in diastole and the myocardial
volume calculated is then multiplied by its density (1.05 g/ml) to calculate the
mass. The 2D measurements are made from the transgastric mid-papillary short axis
view, with the LV mass calculated by the formula recommended by the ASE [1]:

LV mass = 0.8 x 1.04 x | (LVIDd + PWT 4 IVS)>— LVIDdﬂ +0.6

LVID = LV internal diameter in diastole
PWT = Inferolateral (posterior) wall thickness

IVS = Interventricular septum thickness

The ASE recommends the 2D modality for this purpose since 2D is easy and the
most studied technique, but 3D estimation of LV mass has been validated as well
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[5, 16]. This technique suffers from the fault of overestimating the LV mass and the
need for good beam alignment. The normal values range from 67-162 g for women
and 88-224 g for men [1]. A calculation of relative wall thickness (based on the
ratio of posterior wall thickness and the diastolic LV diameter) can help differentiate
between concentric and eccentric hypertrophy.

Conclusion

For the basic echocardiographer, the main use of transesophageal echocardiography
is to identify causes or potential causes of hemodynamic instability. Identifying
changes in LV systolic function and being able to quantify changes in EF can be
valuable for management in the perioperative setting. While there are many
methods available to evaluate LV systolic function, it is important to remember the
limitations of each method. The modified Simpson’s method may give a more
accurate result because it takes into account two planes of the LV, however, it can
be time consuming and tedious. It also requires distinct endocardial borders.
Simpler methods such as fractional shortening, fractional area change, the rate of
rise of ventricular pressure, and tissue Doppler imaging may be easier to acquire in
time-sensitive situations, but may not take into account altered LV geometry and
regional wall motion. The results also do not directly equate to an EF and may
simply tell you whether LV systolic function is normal or abnormal. With expe-
rience over time, visual estimation of EF can approximate the calculated EF and
may be all that is needed in an emergent situation.
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Chapter 5
Regional Ventricular Function

Tariq Naseem, MD and Timothy M. Maus, MD, FASE

Abstract One of the most useful applications of intra-operative 2D trans-
esophageal echocardiography (TEE) in noncardiac surgery is qualitative assessment
of myocardial function in acutely unstable patients. When hemodynamic instability
occurs intraoperatively, TEE can serve as an adjunct to other modalities in diag-
nosing or ruling out an ischemic event. In fact, compared to other monitoring
methods, regional wall motion abnormality (RWMA) observed on echocardiogra-
phy is the most sensitive method for early detection of ischemic changes in the
heart. In noncardiac surgery, this can be especially useful in patients with no
existing invasive or detailed monitoring that shows a sudden change in clinical
status. Knowledge of normal coronary anatomy and its myocardial distribution is
key in determining the location of an ischemic event. Recognizing the attributes of
a wall motion abnormality such as decreased wall excursion or decreased wall
thickening is key in diagnosing ischemic events, while recognizing that not all wall
motion abnormalities are ischemic events (e.g., pacing effect).
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Regional Ventricular Function

One of the most useful applications of intra-operative transesophageal echocardiogra-
phy (TEE) in noncardiac surgery is qualitative assessment of myocardial function in
acutely unstable patients. When hemodynamic instability occurs intraoperatively, TEE
can serve as an adjunct to other modalities in diagnosing or ruling out an ischemic
event. In fact, compared to arterial blood pressure, EKG changes and pulmonary artery
catheter measurements, regional wall motion abnormality (RWMA) observed on
echocardiography is the most sensitive method for early detection of ischemic changes
in the heart [1-3]. In noncardiac surgery, this can be especially useful in patients with
no existing invasive or detailed monitoring that may exhibit a sudden change in clinical
status. This chapter will describe the normal coronary anatomy and distribution
including echocardiography correlates, as well as describe normal and abnormal
regional myocardial function. Finally, caveats of regional wall motion abnormalities
and complications of ischemic events are discussed.

Coronary Anatomy

Basic understanding of the vascular anatomy of the heart is key to interpreting TEE
images of ventricular wall function (Fig. 5.1). There is a significant amount of vari-
ability in the normal coronary circulation; however, the most common anatomic pre-
sentation is discussed here. The heart is supplied by two major arteries: left coronary
artery (LCA) and the right coronary artery (RCA). They arise from just above the left
and right coronary cusps of the aortic valve respectively. The LCA bifurcates into the
left anterior descending (LAD) and the left circumflex (LCx) arteries. Less commonly,
the LCA trifurcates into an LAD, LCx, and a ramus intermedius (RI). The LAD
descends anteriorly toward the apex traveling within the anterior interventricular
groove. Its major branches are the diagonal branches that supply the free wall of the LV
and the septal branches that feed into the interventricular septum. Therefore, the LAD is
commonly responsible for blood flow to the apex as well as the anterior, anterolateral,
and anteroseptal walls of the left ventricle (LV).

The LCx takes a path along the atrioventricular groove towards the left side after
emerging from the LCA and travels posteriorly towards the crux, the meeting point of
the interventricular septum (IVS) and atrioventricular groove. In 15-20 % of patients,
the LCx supplies the posterior descending artery (PDA), resulting in left dominant
circulation. In these patients, left coronary circulation supplies the interventricular
septum (IVS) and often the atrioventricular (AV) node. Along its path toward the crux,
the LCx provides branches termed obtuse marginal (OM) arteries which supply the
lateral wall of the LV. Therefore, the LCx is commonly responsible for the blood flow
to the lateral aspect of the LV and the infero-apical aspect in patients with left heart
dominant circulation. It’s notable that the LCx shares supply to the lateral wall with the
LAD anterolaterally and RCA inferolaterally.
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Fig. 5.1 Coronary artery anatomy. a Anterior aspect; b Posterior aspect

The RCA travels in the right atrioventricular groove and turns posteriorly toward
the crux. The RCA provides branches, termed acute marginal arteries, supplying the
right ventricle free wall, sinoatrial (SA) and AV node. In 80-85 % of patients, the
RCA terminates as the PDA supplying the inferior IVS. This constitutes a right
dominant circulation. The RCA is also responsible for providing blood flow to the
inferior wall of the LV. Therefore, the RCA is commonly responsible for the blood
flow to the right ventricle and inferior wall of the LV as well as the infero-apical
aspect of the LV in patients with right heart dominant circulation. It shares supply
with the LAD to the inferoseptal wall of the left ventricle.
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Left Ventricular Segmentation

1. basal anterior 7. mid anterior 13. apical anterior
2. basal anteroseptal 8. mid anteroseptal 14, apical septal
3. basal inferoseptal 9. mid inferoseptal 15. apical inferior
4. basal inferior 10. mid inferior 16. apical lateral
5. basal inferolateral 11. mid inferolateral 17. apex

6. basal anterolateral 12. mid anterolateral

Fig. 5.2 Seventeen-segment model. Reprinted from [14]

The segmentation of the heart is intended to match that of the coronary blood
supply. While several segmentation models exist, recent guidelines suggest the use
of a 17-segment model [4] (Fig. 5.2). The purpose of the model is to improve
communication between specialties (e.g., cardiologists, intensivists, anesthesiolo-
gists, etc.) as well as between imaging modalities (e.g., echocardiography, nuclear
medicine imaging). In this model, the LV is broadly divided into basal,
mid-cavitary, and apical areas which are then divided into segments. The basal and
mid-cavitary areas are divided similarly into anterior, inferior, anteroseptal, infer-
oseptal, anterolateral and inferolateral segments. The apical area is divided into four
segments: anterior, inferior, septal, and lateral with the apical cap comprising the
seventeenth segment. The echocardiography correlation of which segments are
perfused by certain coronary arteries is discussed below.

Application of Coronary Topography to Echocardiography

Coronary perfusion to the myocardium can be assessed qualitatively with
echocardiography, with attention to the coronary blood flow distribution to each
segment as described. This concept is depicted in Fig. 5.3 which describes the
common perfusion anatomy of the heart utilizing TEE views. The overlap in the
depicted coronary supply is explained by normal anatomic variability in coronary
perfusion (e.g., the inferolateral wall may be supplied by the LCx in some patients
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Fig. 5.3 Transesophageal views with the representative coronary blood supply and segmentation.
The views are the midesophageal (ME) four chamber, ME two chamber, ME long axis (LAX), and
transgastric midpapillary short axis (Mid). RCA right coronary artery, LAD left anterior descending
artery and Cx left circumflex artery

while by the RCA in others). This can present as variability in the appearance of the
wall motion abnormality during an ischemic event. In one patient, an LAD lesion
may lead to a WMA of just the anterior and anteroseptal wall, while in another
patient the WMA may extend to cover the entire anterior half of the LV (inclusive
of the anterolateral wall). Therefore, it is important when assessing for WMAs in a
busy perioperative setting to not become over-focused on interpretation of the
“normal” coronary distribution.

The transesophageal echocardiography examination for ischemia involves
transgastric and midesophageal imaging. The transgastric midpapillary short axis
view is useful in that in one view all three coronary distributions are represented:
the LAD covers the anterior, anterolateral (shared with LCx), anteroseptal and
inferoseptal (shared with RCA) segments, the LCx covers the anterolateral and
inferolateral segments, while the RCA typically covers the inferior wall, infero-
lateral (shares with LCx), inferoseptal (shares with LAD) segments and the right
ventricle (Fig. 5.4). While it is convenient that all three coronary distributions are
observed in one view, it is important to recognize that this view may not detect all
wall motion abnormalities (e.g., basal and apical segments). One study noted that
the midpapillary short axis view only recognized 17 % of wall motion abnormal-
ities, while adding other short axis orientations as well as long axis imaging sig-
nificantly increased the recognition of WMAs [5]. Therefore, midesophageal
imaging with various omniplane orientations is necessary and complementary to
imaging of the transgastric midpapillary short axis view.

When envisioning the myocardial walls in the midesophageal views, it is helpful
to think of the direction of the omniplane “slice” through a transgastric view
(Fig. 5.5). Therefore, the ME four-chamber view will present the septal and lateral
walls, the ME two-chamber view will present the anterior and inferior walls, while
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Fig. 5.4 Transgastric midpapillary short axis view with overlaying color representation of
coronary perfusion. Blue left anterior descending artery (LAD), red right coronary artery (RCA),
purple RCA or left circumflex artery (LCx), green LAD or LCx

Fig. 5.5 Transgastric
midpapillary short axis
representation with
indications of the walls
visualized in respective
midesophageal views
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Fig. 5.6 Midesophageal four-chamber view with overlaying color representation of coronary
perfusion. Blue left anterior descending artery (LAD), red right coronary artery (RCA), yellow left
circumflex artery (LCx). LA left atrium; LV left ventricle; RV right ventricle

the ME long axis will present the anteroseptal and inferolateral walls. The
advantage of midesophageal views is the ability to display basal, mid-cavitary and
apical segments of a particular wall, allowing detection of abnormalities beyond
just the mid-cavitary segments.

The midesophageal four-chamber view is an excellent view for ischemia
detection due to its ability to observe all three coronary distributions in one view
including observation of basal, mid-cavitary, and apical function (Fig. 5.6).
Depending upon the flexion of the probe, the septum is most commonly perfused by
the LAD, the lateral wall is perfused by the LCx, while the RV is perfused by the
RCA. Flexion or retroflexion of the probe in a midesophageal four-chamber view
allows the observation of anteroseptal/anterolateral and inferoseptal/inferolateral
segments, respectively.

Rotation of the omniplane to roughly 90° develops the ME two-chamber view
(Fig. 5.7). This view nicely displays the basal, mid-cavitary and apical segments of
the anterior and inferior walls. In the majority of patients, the anterior wall and LV
apex will be covered by the LAD while the inferior wall will be perfused by the
RCA. Right heart dominant patients will have the LV apex covered by the RCA and
LAD.

The ME long axis view, at approximately 120° of omniplane rotation, will
develop the anteroseptal and inferolateral walls of the L'V, while also displaying a
portion of left ventricular outflow tract (LVOT) (Fig. 5.8). The wall motion of
basal, mid-cavitary and apical segments should be assessed. The LAD typically



T. Naseem and T.M. Maus

Fig. 5.7 Midesophageal two-chamber view with overlaying color representation of coronary
perfusion. Blue left anterior descending artery (LAD), red right coronary artery (RCA). LA left
atrium; LV left ventricle

Fig. 5.8 Midesophageal long axis view with overlaying color representation of coronary
perfusion. Blue left anterior descending artery (LAD), red right coronary artery (RCA), orange
RCA or left circumflex artery (LCx). LA left atrium; LV left ventricle




5 Regional Ventricular Function 85
covers the anteroseptal wall and apex, while the RCA or LCx perfuses the infer-
olateral wall. The RVOT is perfused by the RCA. Again, the combination of

midesophageal and transgastric imaging allows the echocardiographer to provide a
composite analysis of wall motion throughout all segments of the LV and RV.

Grading of Regional Wall Motion Abnormalities

Regional Ventricular Function

2D * Left ventricular systolic assessment (Chap. 4)
* Regional wall motion abnormalities

* Systolic wall thickening

» Concentric myocardial movement

* M-mode assessment

* Dilated LV with chronic ischemic changes

CFD » New onset mitral regurgitation

Spectral » Worsening diastolic function (Chap. 9)
» Worsening pHTN

LYV left ventricle, pHTN pulmonary hypertension

Regional myocardial function can be quantified on the basis of observed wall
thickening and endocardial motion of the myocardial segment. These two mea-
surements can be graded separately and each segment should be analyzed in
multiple views, ensuring that an appreciation of thickening and motion be obtained
for all 17 segments. During systolic contraction, normal healthy myocardial tissue
should thicken and also move concentrically toward the center of the left ventricular
cavity by more than 30 %. A reduction below this level of thickening or excursion
rate constitutes as hypokinesis (Video 5.1) (Table 5.1). Akinesis is the near com-
plete cessation of any wall movement along with absent or minimal thickening of
the wall (Fig. 5.9; Videos 5.2 and 5.3). Significant ischemia or frank infarction can

Table 5.1 Grading of RWMA

Grade Endocardial motion Wall thickening (%)
(%)
Normal or >30 % 30-50 %
hyperkinetic
Hypokinesis 10-30 % <30 %
Akinesis None Absent or minimal thickening
Dyskinesia Outward movement Systolic stretching or thinning (e.g.,
aneurysm)
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Fig. 5.9 Transgastric midpapillary short axis view in a patient with an akinetic anterior wall
secondary to a left anterior descending lesion (LAD). Note the lack of thickening and central wall

excursion in the anterior portion of the left ventricle. a Diastole. b Systole
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Fig. 5.10 Mid esophageal long axis view in a patient with a prior anterior myocardial infarction,
now with a resultant anteroseptal left ventricular aneurysm (red arrow). LA left atrium; LV left
ventricle

lead to akinesia. Finally, dyskinesis is seen when the myocardial wall moves in the
opposite outward direction during contraction with thinning of the myocardium
(Video 5.4). Recent American Society of Echocardiography (ASE) guidelines have
classified an LV aneurysm (i.e., focal LV dilation) under the category of akinesis or
dyskinesia [4] (Fig. 5.10; Video 5.5).

There are some caveats to interpreting RWMAs in that all that does not move is
not necessarily ischemia. There may be regional differences in wall motion due to
anatomic location. For example, the basal portion of the anteroseptal wall often
contracts toward the left ventricular outflow tract (LVOT) as opposed to direct
concentric contraction. This may give the appearance of a hypokinetic segment.
Additionally, there is interventricular septal dependence between the LV and RV,
such that RV dysfunction may cause septal RWMA (see Chap. 8). This septal
flattening may be interpreted as septal akinesis or dyskinesis. Other causes of
non-ischemic RWMA include abnormal conduction (e.g., pacing or bundle branch
block), post-pericardiotomy (e.g., abnormal septal bounce), and hemodynamic
changes (e.g., acute loading changes and anesthetic-induced myocardial depres-
sion). Finally, since the myocardium is contiguous and not 17 discrete segments,
abnormal motion in one segment can “tether” additional segments. This can cause
the interpretation of RWMA in segments that may have normal perfusion.
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Fig. 5.11 M-mode imaging in a transgastric midpapillary short axis view. The red arrow
indicates the systolic thickening and wall excursion of the inferior wall. The green arrow indicates
the akinetic anterior wall

Therefore, it is imperative to integrate the echocardiographic findings clinically
before instituting therapy for an abnormal myocardial wall motion.

With the understanding of coronary blood supply and its echocardiographic
correlation, it is important to have an approach to the exam when focusing on
ischemic changes. A standard approach of evaluating the basal, mid-cavitary, and
apical segment in each midesophageal view as well as transgastric short axis
imaging is helpful. Unlike other pathologies, wall motion abnormalities generally
do not benefit from color flow Doppler (CFD) or spectral Doppler interrogation and
therefore, detection largely rests upon two-dimensional interrogations. However,
the implementation of M-mode two-dimensional imaging can prove quite helpful;
M-mode provides a single ultrasound pathway displayed on a graph format with
depth on the Y axis and time on the X-axis. A transgastric midpapillary short axis
view with the M-mode cursor through the inferior and anterior walls will demon-
strate wall motion with excellent temporal resolution (Fig. 5.11).
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Complications from Myocardial Ischemia

While ischemia typically manifests on echocardiography as a RWMA, ischemic
damage can lead to other complications which may be detected echocardiograph-
ically. These can largely be categorized into reversible changes, which will resolve
with return of coronary blood flow, and irreversible changes which are typically
related to infarction and result in permanent structural damage.

Reversible secondary changes include diastolic dysfunction, stunned myo-
cardium, and mitral regurgitation. As diastology is an energy-dependent function,
diastolic dysfunction is a common occurrence with new ischemia. As explained
further in Chap. 9, diastolic dysfunction is a dynamic process where patients may
shift from varying degrees of diastolic function. For example, a patient with normal
diastology experiencing an acute ischemic event will progress to impaired relax-
ation. With restoration of coronary blood flow, their diastolic profile may improve
back to normal.

Stunned myocardium refers to cardiac tissue that has experienced an ischemic
insult and despite restoration of blood flow, still has transient persistent dysfunc-
tion. This is commonly seen after coronary artery bypass grafting surgery where an
aortic cross clamp and a cardioplegic state has resulted in a brief ischemic insult that
requires inotropes until the reperfused myocardium recovers. Stunned myocardium
differs from hibernating myocardium, which is a portion of cardiac tissue that is
chronically underperfused (e.g., long-term coronary artery disease). In an attempt to
preserve structural integrity, the contractility in hibernating myocardium is reduced
[6]. Stunned myocardium benefits from exogenous inotropy and time while
hibernating myocardium will benefit from revascularization.

As discussed in Chap. 6, the mitral apparatus consists not just of the mitral valve
itself but also the supporting annulus, the left atrium, papillary muscles as well as
the ventricular walls attached to the papillary muscles. There are two supporting
papillary muscles, the anterolateral and posteromedial muscles that attach to the
mitral valve via multiple chordae. Myocardial ischemia can lead to the cessation of
blood flow supplying the papillary muscles or to the myocardial segments under-
lying those papillary muscles. Dysfunction of either the papillary muscle or
underlying segment will lead to abnormal motion of the papillary muscle, chordae,
and attachments to the mitral valve leaflets. This leaflet restriction leads to mal-
coaptation and mitral insufficiency (Fig. 5.12; Video 5.6). The posteromedial
papillary muscle is at greater risk due to its single blood supply from the RCA (in
right dominant patients), as opposed the anterolateral papillary muscle which has a
dual blood supply from the LAD and LCx circulations. It is therefore especially
prudent to evaluate the mitral valve in the setting of ischemic insult to the RCA
territory (e.g., when inferior and/or inferoseptal wall motion abnormalities are
evident). The converse is true: new mitral insufficiency should prompt the search
for evidence of ischemia (e.g., RWMA).

Irreversible secondary changes, which do not immediately recover with
restoration of blood flow, include papillary muscle rupture, ischemic ventricular
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Fig. 5.12 Mid esophageal long axis view in a patient with an acute LAD ischemic event and
significant ischemic MR (green arrow). Note the lack of thickening during systole of the
anteroseptal wall (red arrow). LA left atrium; LV left ventricle

septal defects, ventricular free wall rupture, ventricular dilation, and aneurysm
formation. Papillary muscle rupture is an extension of the papillary muscle dys-
function previously described, with significant hemodynamic and functional con-
sequences. As mentioned above, this is most commonly seen with the
posteromedial papillary muscle that has the RCA as a single feeding vessel, as
opposed to the anterolateral papillary muscle that is supplied by both LAD and LCx
[7]. Frank infarction of the territory including the papillary muscle may lead to
rupture and separation of the papillary head. Papillary muscle rupture is a surgical
emergency requiring an urgent evaluation for possible mitral valve replacement [8§].

The most serious complication of myocardial infarction may be ventricular
rupture, which includes both septal and ventricular free wall rupture. Ventricular
free wall rupture is more common and is one of the most fatal outcomes of an acute
myocardial infarction [9-11]. Both pathologies can be diagnosed effectively with
TEE with the addition of CFD. Using CFD, turbulent blood flow can be seen
moving from the ventricular cavity into the pericardial space in the case of free wall
rupture. Likewise, in the setting of septal rupture, blood flow can be seen moving
from the LV into the right ventricle, creating a left-to-right shunt. If there is pre-
existing pulmonary hypertension or elevated right-sided pressures, the septal
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Fig. 5.13 Transgastric midpapillary short axis view with color flow Doppler in a patient status
post inferior myocardial infarction and inferior wall rupture (green arrow). Note the contained
rupture with flow exiting the ventricular cavity

rupture can then cause a right-to-left shunt and hypoxia and cyanosis may ensue
(Fig. 5.13; Video 5.7).

Left ventricular remodeling and dilatation resulting in myocardial dysfunction is
frequently observed after an acute myocardial infarction [12]. With chronic
ischemia, the dilation and loss of contractile function leads to an echocardiographic
presentation similar to non-ischemic cardiomyopathy. This can be evaluated using
TEE by looking at parameters such as left ventricular end-diastolic and end-systolic
volumes (LVEDV, LVESYV), ejection fraction (LVEF), and myocardial strain
models (see Chap. 4).

The incidence of aneurysm formation has decreased in recent years with the
evolution of improved therapy. However, up to 15 % of patients may suffer from a
left ventricular aneurysm after an acute myocardial infarction [13]. Over 70 % of
aneurysms are seen in the anterior wall and apex due to an LAD infarct. Another
10-15 % of patients may show involvement of inferior wall due to RCA disease.
Pseudoaneurysms are mostly seen after inferior wall myocardial infarctions.
On TEE, an outpouching of the myocardial segment is seen with no contraction or
systolic contribution. See Fig. 5.10; Video 5.5.
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Conclusion

The interpretation of myocardial function and detection of an ischemic event is a
fundamental application of TEE. In a busy clinical setting that demands a quick and
definitive diagnosis, echocardiography’s ability to detect regional wall motion
abnormalities before other diagnostic tools makes it an indispensable resource.
Recognizing the attributes of a wall motion abnormality such as decreased wall
excursion or decreased wall thickening is key to ischemia detection, while recog-
nizing that not all wall motion abnormalities are ischemic events (e.g. pacing
effect). Additionally, echocardiography allows the interrogation of secondary
changes, both reversible and irreversible.

References

1. Beaupre PN, Kremer PF, Cahalan MK, et al. Intraoperative detection of changes in left
ventricular segmental wall motion by transesophageal two-dimensional echocardiography. Am
Heart J. 1984;107:1021.

2. van Daele ME, Sutherland GR, Mitchell MM, et al. Do changes in pulmonary capillary wedge
pressure adequately reflect myocardial ischemia during anesthesia? A correlative preoperative
hemodynamic, electrocardiographic, and transesophageal echocardiographic —study.
Circulation. 1990;81:865.

3. Akchurin RS, Tkachuk LM, Lepilin MG, et al. Intraoperative transesophageal
echocardiography for detection of myocardial ischemia. Herz. 1993;18:372.

4. Lang RM, Badano LP, Mor-Avi V, et al. Recommendations for cardiac chamber quantification
by echocardiography in Adults: An update from the American Society of Echocardiography
and the European Association of Cardiovascular Imaging. J] Am Soc Echocardiogr 2015, 28:1—
39.

5. Rouine-Rapp, et al. Detection of intraoperative segmental wall-motion abnormalities by
transesophageal echocardiography: The incremental value of additional cross sections in the
transverse and longitudinal planes. Anesthesia & Analgesia 1996, 83:6, 1141-1148.

6. Braunwald RA. Kloner: The stunned myocardium: Prolonged, postischemic ventricular
dysfunction. Circulation. 1982;66:1146-1149 (tmn).

7. Otsuji 'Y, Handschumacher MD, Kisanuki A, et al. Functional mitral regurgitation.
Cardiologia. 1998;43:1011-6.

8. Russo A, Suri RM, Grigioni F, Roger VL, Oh JK, Mahoney DW, et al. Clinical outcome after
surgical correction of mitral regurgitation due to papillary muscle rupture. Circulation.
2008;118:1528-34.

9. Reeder GS. Identification and treatment of complications of myocardial infarction. Mayo Clin
Proc. 1995;70:880.

10. Lopez-Sendon J, Gonzalez A, Lopez de Sa E, et al. Diagnosis of subacute ventricular wall
rupture after acute myocardial infarction: sensitivity and specificity of clinical, hemodynamic
and echocardiographic criteria. J Am Coll Cardiol. 1992;19:1145.



11.

12.

13.

14.

Regional Ventricular Function 93

Figueras J, Alcalde O, Barrabés JA, et al. Changes in hospital mortality rates in 425 patients
with acute ST-elevation myocardial infarction and cardiac rupture over a 30-year period.
Circulation. 2008;118:2783.

Giannuzzi P, Temporelli PL, Bosimini E, et al. Heterogeneity of left ventricular remodeling
after acute myocardial infarction: results of the Gruppo Italiano per lo Studio della
Sopravvivenza nell’Infarto Miocardico-3 Echo Substudy. Am Heart J. 2001;141:131.
Glower DG, Lowe EL. Left ventricular aneurysm. In: Cardiac surgery in the adult.
Edmunds LH (ed) McGraw-Hill, New York 1997. p. 677.

Douglas PS, et al. ACCF/ACR/AHA/ASE/ASNC/HRS/NASCI/RSNA/SAIP/SCAI/SCCT/
SCMR 2008 health policy statement on structured reporting in cardiovascular imaging. J] Am
Coll Cardiol. 2009;53(1):76-90.



Chapter 6
Mitral Valve

Liem Nguyen, MD and Neal Gerstein, MD

Abstract The mitral valve is a complex apparatus consisting of the annulus,
leaflets, chordae tendineae, papillary muscle, myocardium, and its attendant
chambers, the left atrium and ventricle. The function and competency of the mitral
valve apparatus is intricately dependent on the structural integrity and coordination
of each and all of its components. Structural or functional abnormalities con-
tributing to mitral stenosis or mitral regurgitation and post-procedural changes can
be evaluated with transesophageal echocardiography (TEE). With advancements in
technology and the evolution of three-dimensional (3D) imaging, TEE is a neces-
sary tool and modality for evaluating the mitral valve perioperatively.

Keywords Transesophageal echocardiography (TEE) - Mitral valve - Mitral
regurgitation - Mitral stenosis -« Proximal isovelocity surface area (PISA)

Anatomy and Function of the Mitral Valve Apparatus

The mitral valve apparatus consists of the annulus, leaflets, chordae tendineae,
papillary muscle, myocardium, and its attendant chambers, the left atrium and
ventricle (Fig. 6.1). Essentially, the entire left heart contributes to the function of
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Fig. 6.1 Components of the mitral valve apparatus

the mitral valve. The function and competency of the mitral valve apparatus is
intricately dependent on the structural integrity and coordination of each and all of
its components [1-4].

The bicuspid mitral valve is composed of two anatomically distinct leaflets, the
anterior and posterior leaflet. The anterior leaflet is located in close juxtaposition to
the left and noncoronary cusps of the aortic valve, separated by a thin piece of tissue
termed the aorto-mitral curtain. The posterior leaflet is unique in that it contains
three identifiable subunits called scallops. In the commonly utilized Carpentier
description of mitral valve anatomy, the scallops are labeled from anterior to
posterior as P1, P2, and P3. While smaller in area than the anterior leaflet, the
posterior leaflet subtends approximately two-thirds of the circumference of the
annulus [1, 2, 4]. By contrast, the larger anterior leaflet in surface area only covers
about one-third of the circumference of the annulus. The anterior leaflet is devoid of
individual scallops, providing a smooth surface designed to promote systolic
ejection of blood into the left ventricular outflow tract. Despite a lack of scallops,
the Carpentier description notes segments Al, A2, and A3 which correspond to the
posterior scallops (e.g., P1 coapts with A1, P2 coapts with A2, etc.) (Fig. 6.2). The
anterior and posterior leaflets adjoin at two distinct points near the edges of the
annulus (described below), which are termed the anterolateral and posteromedial
commissures (Fig. 6.2) [2-4]. As an interdependent unit, the anterior and posterior
leaflets come together and contact each other during systole to form a coaptation
line resembling a semicircle (Figs. 6.2 and 6.3) [2, 3, 5]. The mitral leaflets are
circumferentially supported by a fibrous-tissue reinforced ring structure referred to
as the mitral annulus. The mitral annulus geometrically resembles a hyperbolic
paraboloid or saddle shape, and anatomically serves as the attachment points for
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Fig. 6.2 Nomenclature of the bicuspid mitral valve according to the Carpentier classification
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Fig. 6.3 Mitral sectors with representative leaflet segments expected from the midesophageal
transesophageal views
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both mitral leaflets. While a saddle has two high points (the front and back of a
saddle) and two low points (the sides of the saddle), a mitral valve is similarly
shaped with high and low points. The anterior—posterior (front to back) axis of the
annulus defines the higher peak to peak dimension whereas the lateral axis (side to
side or commissure to commissure) defines the trough to trough dimension, which
is positioned at a lower point (Fig. 6.4a, b; Video 6.1). The posterior aspect of the
mitral annulus is structurally thinner and contains less fibrous support, lending it to
be more prone to dilation and flattening compared to the more reinforced anterior
portion of the mitral annulus. Overall, the unique geometry of the saddle-shaped
annulus serves to reduce the tension on both of the mitral leaflets during systole [5—
9]. Underneath the mitral leaflets emerges a complex network of chordae tendineae
that attach to both leaflets. The chordae tendineae are attached to the anterolateral
and posteromedial papillary muscles and contract in concert to prevent the prolapse
of the mitral leaflets into the atrium during systole [1, 4]. In summary, the coor-
dinated movements of the mitral valve apparatus results in the closure of the mitral
valve during systole and prevention of regurgitant flow into the left atrium.

TEE Imaging of the Mitral Valve

Assessment of the mitral valve begins with two-dimensional imaging of the entire
mitral apparatus (Fig. 6.5a—f; Videos 2.1-2.3, 2.13, 2.15, and 2.16) [2, 3, 10, 11].
This can be performed by first starting in the midesophageal four-chamber view and
obtaining multiplane images of all components of the mitral apparatus [2, 3, 10, 12].
The leaflet subunits of the mitral valve can be individually viewed as a
two-dimensional slice using the available sector planes of the TEE probe at various
multiplane angles (Figs. 6.3 and 6.5a—f). Instructions for how to obtain the various
views discussed in this chapter can be found in Chap. 2.

Midesophageal Four-Chamber View (ME Four-Chamber
View)

In the ME four-chamber view at 0° (Figs. 6.3 and 6.5a; Video 2.1), the anterior
leaflet appears on the left side of the screen whereas the posterior leaflet is visu-
alized on the right of the screen. The ME four-chamber view is useful for obtaining
a global evaluation of bileaflet motion and the corresponding changes that may
occur as a result of volume stress in the upstream atrium and downstream ventricle.
The ME four-chamber is also useful to evaluate the degree of mitral regurgitation
using color flow Doppler [2, 3, 10].
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Fig. 6.4 a Rendition of mitral annulus depicting the characteristic saddle-shaped geometry. The
anterior—posterior axis (ME LAX view) encompasses the peak to peak distance, whereas the
lateral axis (ME mitral commissural view) corresponds to the trough to trough distance. b ME
mitral commissural view with color flow Doppler demonstrating two distinct jets due to a sector
plane that captures the two outer edges of the jet and omitting the central portion
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ME Mitral Commissural View

The ME mitral commissural view is obtained by starting at the ME four-chamber view
and rotating the multiplane angle to approximately 45—60°. In this view of the mitral
valve, the middle A2 segment is flanked by the P3 segment on the left and P1 segment
on the right (Figs. 6.3 and 6.5b; Video 2.13) [2, 3, 10]. The ME mitral commissural
view may also provide a view of the papillary muscles and their associated chordae
tendineae. It is important to note that the ME mitral commissural view displays an
imaging slice corresponding to a line that traverses the semicircle or curved coaptation
point and the anterolateral and posteromedial commissures. Accordingly, Doppler color
flow assessment of a regurgitant jet may appear as two distinct jets because the sector
plane captures the two outer edges of the jet and omits the central portion (Fig. 6.4b;
Video 6.1). This often results in the incorrect echocardiographic diagnosis of two
distinct jets, when in fact the image merely represents the edges of one jet.

ME Two-Chamber View

The ME two-chamber view is obtained by rotating the multiplane angle to
approximately 90° (Figs. 6.3 and 6.5c; Video 2.2). In this image plane, the anterior
leaflet is positioned on the right and the posterior leaflet is on the left of the screen.
The left atrial appendage and Coumadin ridge (a band of tissue separating the left
atrial appendage and the left upper pulmonary vein) are often observed above and to
the right of the anterior mitral leaflet. Withdrawing the probe from this position and
turning slightly to the left often brings the left upper pulmonary vein into view,
allowing for Doppler interrogation of left atrial inflow [2, 10].

ME Long-Axis View (ME LAX View)

The ME LAX view is obtained by increasing the multiplane angle to 120-140° until
the aortic and mitral valve leaflets are seen opening and closing in the same image
plane (Figs. 6.3 and 6.5d; Video 2.3) [2, 3, 10]. This imaging plane displays a slice
of the mitral leaflets along the anterior—posterior dimension (A2-P2), perpendicular
to the coaptation line. The A2 segment is displayed on the right of the screen
nearest the aortic valve leaflets and the P2 segment appears on the left side of the
screen. The ME LAX view allows for the echocardiographer to assess the anterior—
posterior dimension of both the diameter of the mitral regurgitant jet and peak to
peak distance of the mitral annulus (Fig. 6.4a). This view plane therefore offers a
more accurate measurement of the width of the vena contracta, the narrowest part of
aregurgitant jet at the level of the valve leaflets as measured by color flow Doppler,
compared to other imaging planes [2, 3, 10].
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Transgastric Basal Short-Axis View (TG Basal SAX)

The TG basal SAX view at 0° (Fig. 6.5¢e; Video 2.15) is obtained by either slightly
withdrawing the probe or exerting anteflexion from the true transgastric midpap-
illary short-axis view of the left ventricle. The imaging plane is achieved when both
the anterior and posterior mitral leaflets are visualized in a short axis, “fishmouth”
view. The “fishmouth view” of the mitral valve allows for all the mitral segments to
be viewed, providing a means to assess valve opening and closure from the left
ventricular aspect. The TG basal SAX view may also reveal a ruptured chordae or
flail segment from this vantage point. Moreover, color flow mapping of the
regurgitant jet in the TG basal SAX view may reveal the origin of the coaptation
defect and provide insight into the mechanism of regurgitation [3, 10].

TG Two-Chamber View

The TG two-chamber view at 90° (Fig. 6.5f; Video 2.16) provides a perpendicular scan
plane that facilitates the assessment of the subvalvular apparatus (i.e., chordae tendineae
and papillary muscle-LV wall complex) [10]. The anterolateral papillary muscle
occupies a position furthest from the probe and the posteromedial papillary muscle is
situated in the near field. This view is useful for evaluating the position and geometry of
the papillary muscles, chordae tendineae and ventricular wall complex.

Mitral Regurgitation

Mitral regurgitation

2D  Mitral leaflet motion (normal, excessive, restrictive)
 Mitral calcification

* Annular dimensions (dilated)

* Left atrial enlargement, eccentric LV hypertrophy

* LV wall motion abnormalities

CFD « Qualitative assessment (Jet Area/LA Area ratio)

» Coanda effect (wall hugging jet)
* Vena contracta measurement

Spectral * Pulmonary venous doppler (PWD)

* Density of regurgitation jet profile (CWD)

* PISA-based calculation of EROA

LV left ventricle, LA left atrium, PWD pulsed wave Doppler, CWD continuous wave
Doppler, PISA proximal isovelocity surface area, EROA effective regurgitant orifice area
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Although the final common pathway of an incompetent mitral apparatus is a
regurgitant jet at the level of the leaflet tips due to a coaptation defect, a significant
portion of MR is due to dysfunction of structures above and below the valve in the
presence of normal leaflet motion [2, 3, 5, 13]. When considering the etiology or
mechanism of MR, it may therefore be prudent to examine all the structures above
and below the leaflets that comprise the mitral valve apparatus in order to fully
characterize the mechanism. Furthermore, examination of leaflet motion according
to Carpentier’s classification can yield important clues into the mechanism of MR
[2, 3]. The classification categorizes the mechanisms of MR into three types based
upon the motion of the mitral valve leaflets: Type 1—normal leaflet motion; Type 2
—excessive leaflet motion; Type 3—restricted leaflet motion. This categorization
helps to organize the thought process around the types of MR as well as to help
guide surgical therapy for the mitral valve.

MR associated with normal leaflet motion (Type 1) can be a result of mitral
valve clefts, perforations, or most commonly annular dilation [2, 5]. The mitral
annulus is reinforced by a network of fibroelastic tissue that serves to maintain the
unique saddle-like geometry during systole (Fig. 6.4a) [S5, 14—-16]. Annular dilation,
measured in the anterior—posterior dimension in the ME LAX view using
caliper-based measurements, or distortion of the saddle-shaped geometry during
systole may lead to a coaptation defect and represents an important mechanism of
MR [6, 9, 16-20]. Left atrial enlargement (e.g., due to atrial fibrillation or ven-
tricular dysfunction) and secondary annular dilation may contribute to MR in the
setting of normal leaflet anatomy and motion. Dilation of the mitral annulus has
also been implicated as a contributing etiology in ischemic MR [2, 3, 13, 19, 21,
22].

The ventricular myocardium, anterolateral and posteromedial papillary muscles,
and network of chordae tendineae provide the strong foundation required for nor-
mal leaflet motion and competency (Fig. 6.1). The interpapillary distance (lateral
distance) and location of the papillary muscles (i.e., apical displacement) in relation
to the ventricular wall and coaptation point plays a significant role in the overall
competency of the mitral valve complex [4, 5]. The major responsibility of the
papillary muscle-chordae tendineaec complex is to regulate leaflet movement.
Excessive leaflet motion (Type 2), such as in the presence of a ruptured chord,
results in leaflet prolapse and acute MR demonstrating that the papillary muscle and
chordae tendineae work together to prevent leaflet displacement into the left atrium.

Abnormalities in leaflet anatomy such as seen in degenerative disease and
endocarditis, may also result excessive leaflet motion, a coaptation defect and
subsequent MR [2]. Degenerative mitral disease (i.e., Barlow’s disease and
fibroelastic deficiency) comprises a range of leaflet abnormalities characterized by
chordal and leaflet thickening, mitral tissue redundancy, and excessive leaflet
motion in the form of prolapse (Fig. 6.6a, b; Videos 6.2 and 6.3) or flail, leading to
valve incompetency [5, 23]. Infective endocarditis and the presence of bacterial
vegetations on the atrial side often causes leaflet damage, leading to marked
destruction of both the anatomy and function of the leaflets (Fig. 6.6¢c, d; Videos 6.4
and 6.5). Extensive damage may result in excessive leaflet motion and be classified
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as Type 2 MR, while healed endocarditis may have a resultant perforation in a
leaflet but otherwise normal leaflet motion and be classified as Type 1.

Restriction of the mitral valve leaflet motion is classified as Type 3 and may be
subdivided based upon the restriction in systole and diastole (Type 3a) and during
systole only (Type 3b). Leaflet calcification and fusion as seen in rheumatic disease
(Type 3a) is an underappreciated etiology of MR where leaflet motion is impaired
in systole and diastole. In addition to marked leaflet immobility, the annulus and
entire subvalvular apparatus may also deteriorate from marked calcification.

Patients with functional mitral regurgitation (FMR) (Type 3b) underscore the
critical geometrical relationship of the ventricular wall, papillary muscle, and
chordal elements in providing a strong foundation for normal leaflet coaptation. The
term “functional mitral regurgitation” refers to the dysfunction of the left ventricle
as the underlying cause of MR in the setting of normal leaflet anatomy. Most
commonly, FMR is a result of myocardial ischemia or dilated cardiomyopathy with
distortion of the normal geometry of the ventricular myocardium, papillary muscles,
and chordae network. Indeed, the proper interpapillary distance (lateral distance)
and location of the papillary muscles (i.e., apical displacement) in relation to the
ventricular wall and coaptation point is critical in regulating the overall competency
of the mitral valve complex [4]. In the setting of myocardial ischemia, displacement
of the papillary muscles toward the apex of the heart and concomitant tethering of
attached chordae culminates in leaflet restriction and formation of a coaptation
defect [13, 21].

In summary, the closing forces of the mitral apparatus are dependent on the
intricate relationship of the leaflets, annulus, chordae tendineae, papillary muscles,
atrial, and ventricular myocardium. Disruption of any component in the chain may
result in mitral incompetency.

Grading Severity (Table 6.1)

Two-dimensional Echocardiography
Prior to quantifying the severity of MR, it may be prudent to examine the upstream

and downstream chambers (left atrium and left ventricle, respectively) for signs of
adaptation to volume stress. Adaptation to chronic volume overload may lead to

Table 6.1 Mitral valve regurgitation quantitative assessment

Mild Moderate Severe
Vena contracta (mm) <3 3-7 >7
Pulmonary venous Doppler Normal S wave blunted S wave reversal
EROA by PISA (cm?) <0.20 0.20-0.40 >0.40

Criteria for severe MR is highlighted in bold
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chamber dilation of the left atrium and left ventricle, which may be appreciated on
two-dimensional imaging [5, 10]. Upstream effects of left atrial volume overload
and pulmonary hypertension may result in echocardiographic signs of right ven-
tricular (RV) dilation, tricuspid regurgitation, and septal bowing suggestive of RV
dysfunction. Echocardiographic signs of the downstream effects of MR may include
the presence of eccentric LV hypertrophy, elevated end diastolic volumes, and
increased (presence of ventricular dysfunction) or decreased (supranormal ejection
fraction in compensated chronic MR) end systolic dimensions. After examining the
chambers of the heart for the effects of volume overload, specific attention can then
be afforded to the rest of the mitral apparatus.

While two-dimensional echocardiography does not directly allow gradation of
severity of MR, it certainly alludes to a mechanism for the MR. Observation of a
significant coaptation defect (lack of anterior and posterior leaflets coming together
in systole) suggests that MR will exist. The cause of the coaptation defect may be
categorized under one of the three types of leaflet motion described above.
Evidence of excessive leaflet motion (Type 2) is generally a result of degenerative
disease of the mitral valve leading to prolapse, flail, or billowing of a leaflet
segment above the annular plane [2, 23]. More specifically, prolapse is defined as a
translation of the leaflet tip above the annulus due to excess leaflet and/or chordal
length during systole (Figs. 6.6a, b and 6.7; Video 6.6). The term flail refers to the
movement of leaflet tip above the annular plane as a result of a ruptured chordae.
The presence of a ruptured chordae may often be obscured, rendering the
echocardiographic distinction between prolapse and flail challenging. Billowing or
scalloping is a projection of leaflet body or segment (not leaflet tip as in prolapse)
above the annulus with the point of coaptation remaining below the annular plane
[5, 23]. MR as a result of excessive motion of an isolated leaflet often results in an
eccentric jet directed away from the diseased leaflet as it emerges through the
coaptation defect (Fig. 6.7). Although uncommon, eccentric jets may be present in
bileaflet disease if one of the leaflets is more affected than the other. Nevertheless,
the appearance of an eccentric jet often signifies the presence of a structural
abnormality in the mitral apparatus and thus warrants close examination.

Restricted leaflet motion in systole and diastole (Type 3a) is associated with
rheumatic disease [24]. This differs from functional MR (Type 3b) in which
restricted leaflet motion is only in systole due to leaflet tethering as a result of a
dilated ventricle or papillary muscle ischemia. The direction of the jet often emerges
toward the affected leaflet if the restricted leaflet motion is asymmetric. In the case
of symmetric bileaflet tethering, a central jet may result [2, 3].

Color Flow Doppler

Color flow Doppler enables the echocardiographer to initially screen and map the
mitral regurgitant jet as it occupies the left atrium (Fig. 6.8a—d; Videos 6.7-6.10)
[3, 10]. To optimize the image quality, it may help to utilize the zoom function to
increase the window size of the chamber of interest. With a Doppler flow sector
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Fig. 6.7 ME four-chamber view with CFD in the patient from Fig. 6.6. Posterior leaflet prolapse
with corresponding jet directed away from affected leaflet

window set to capture only the left atrium, mapping of the MR jet can then be
optimized by setting the Nyquist limit (the maximum detectable velocity of the
Color Map Scale, see Chap. 3) to approximately 50-70 cm/s. It may be prudent to
visualize the jet in multiple views to gain a complete picture of the nature and
contour of the regurgitant volume. In this way, jets that are difficult to visualize (e.g.
wall hugging or eccentric jets) are not missed or underappreciated. It may also be
helpful to make small adjustments to the probe position to maximize the quality of
the image and capture the most representative jet possible. This may require slight
anteflexion/retroflexion, advancement/withdrawal, or leftward/rightward turn of the
probe while imaging the MR jet with color flow Doppler. Once the MR jet is fully
imaged, it is important to make a qualitative assessment of the regurgitant flow
focusing on the jet shape, direction, width, area, presence of eccentricity, and
distance traveled into the left atrium. Color flow Doppler examination of the MR jet
is an important first step to obtaining an initial impression and grading the severity
of regurgitation [3, 5].
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Fig. 6.8 Color flow Doppler showing increasing MR severity. a Trace MR (1+), b mild MR (2+),
¢ moderate MR (3+4), d severe MR (4+)
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Fig. 6.8 (continued)
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Vena Contracta

Measurement of vena contracta (Fig. 6.9a) is a quick and useful method to assess
the severity of mitral regurgitation [3, 5, 25, 26]. The vena contracta is the nar-
rowest part of the regurgitant jet visualized with color flow Doppler as it emerges
from the regurgitant orifice at the level of the leaflet tips [2, 3]. The ideal image
captures a jet profile that consists of a proximal convergence zone (area of flow
acceleration on ventricular side) and a narrow neck at the plane of the coaptation
point. The vena contracta measurement is advantageous as it is relatively inde-
pendent of machine settings and loading conditions [5]. However, precise mea-
surement of the vena contracta width can often be challenging due to difficulties in
proper image acquisition and the small dimensions of the jet width. The image of
the jet can be optimized using the zoom function and setting the Nyquist limit to
approximately 50-70 cm/s. The ideal acoustic window to capture the anterior—
posterior dimensions (perpendicular to coaptation point) of the regurgitant jet
corresponds to the ME LAX view (at ~ 120-150°). It may be necessary to fine-tune
the image by turning the probe leftward or rightward to obtain an optimal jet profile.
If a jet is not visualized in the ME LAX view, the vena contracta can also be
measured in the ME four-chamber view, but this measurement should be interpreted
with caution as it does not measure the jet perpendicular to the coaptation line. It
may be helpful to take several measurements to obtain a more precise vena con-
tracta measurement. Vena contracta measurements above 7 mm constitute severe
MR and values below 3 mm constitute mild MR [2, 5].

Pulmonary Venous Flow Profile

Doppler interrogation of the pulmonary venous flow or left atrial inflow (Fig. 6.9b)
can be used as a semi-quantitative method for grading MR severity [2, 3, 10, 26].
Using pulse wave Doppler, a sample volume of left atrial inflow can be captured,
usually using the left upper pulmonary vein. With the point of interrogation cursor
set approximately 1 cm into the pulmonary vein, velocities are measured as flow
moves into the left atrium. The speed or velocity of blood flow traveling towards
the left atrium during systole is typically greater than the speed during diastole,
yielding a systolic dominant pulmonary venous pattern (SystoliCyeiocity >
Diastolicyejocity Or S/D > 1).

The presence of systolic mitral regurgitation may reduce the peak systolic
velocity of the pulmonary venous flow as the regurgitant jet accelerates back
through the atrium and into the pulmonary venous bed. As the regurgitant jet flows
into the pulmonary veins and meets the incoming left atrial flow during systole,
blunting (Syeiocity < Dyelocity OF /D < 1, Fig. 6.9b) or reversal (below baseline) of
the systolic component of the pulmonary Doppler profile is observed. Systolic
reversal of flow in the pulmonary venous profile is a specific but not sensitive



114 L. Nguyen and N. Gerstein

(a)

FR 15Hz
8.1cm

(b)

Pulsed wave Doppler of Pulmonary Vein

SUaE J +f / = =l \ I 91° IE=VonM

PW Depth A &.0MHz
PW G 5.0 H == TEE
General /V

Systolic Blunting

Fig. 6.9 a Vena contracta measurement. Notice that the measurement is taken at the narrowest
portion or neck of the jet as it crosses the plane of coaptation. b Pulse wave Doppler interrogation
of pulmonary veins demonstrating systolic blunting in a patient with moderate MR
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finding of severe MR, with systolic blunting representing a more moderate degree
of MR [5]. The poor sensitivity of the pulmonary venous flow in detecting MR is
partly due to the varying degrees of left atrial compliance in certain patients and the
challenge of interrogating all four pulmonary veins on TEE [2, 3].

Proximal Isovelocity Surface Area (PISA)

The proximal isovelocity surface area (PISA) method is a quantitative modality for
grading MR (Fig. 6.10) [26-28]. The PISA method is an application of the con-
tinuity equation and provides a means to calculate the effective regurgitant orifice
area (EROA). In simple terms, the volume or flow of blood below the mitral valve
is equal to the volume or flow of blood above the mitral valve. As a regurgitant jet
travels towards the narrowed mitral orifice, the column of blood accelerates and a
series of concentric hemispheres are generated on the ventricular side of the mitral
valve. When blood velocity increases beyond the limit of detection of the Doppler
(i.e., Nyquist limit), the color flow map near the mitral orifice displays a high
velocity region with evidence of aliasing (blood velocities above the limit of
detection appear to reverse). Volume or flow of blood in the convergence zone
(ventricular side) is equal to the product of the surface area of the first hemisphere
or isovelocity shell and its associated aliasing velocity (Flow = 27t X Valiasing )-
The radius (7) of the isovelocity shell is defined by the distance from the regurgitant
orifice to the border of the first aliasing velocity. Volume or flow on the atrial side is
calculated as the product of the effective regurgitant orifice area (EROA) and peak

Fig. 6.10 Calculation of the
effective regurgitant orifice
area of MR by PISA

2nr2X Vatiasingfv max
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velocity of the MR jet (Vg je)- For this calculation, the peak velocity of the MR jet
is measured using continuous wave Doppler interrogation along or parallel to the
regurgitant flow.

Applying the continuity principle of equal flow on the atrial and ventricular side
of the regurgitant orifice, the EROA can be calculated as follows:

EROA = 277* X Viliasing/ VMR jet

r = radius of the first isovelocity shell; Viasing = Nyquist limit;
VMR jet 18 the peak velocity of the MR jet and & = 3.14.

The PISA method allows for calculation of the EROA and represents a true
quantitative measurement of MR severity. An EROA >0.4 cm® corresponds to
severe MR while an EROA <0.2 cm? corresponds to mild MR. It is important to
highlight that the PISA method is fraught with several limitations. The PISA cal-
culation requires several steps and is based on meticulous measurements of small
dimensions, rendering this technique time-consuming and laborious for clinical
application in the operating room. The shape of the isovelocity shells are also
assumed to be hemispheres when indeed they may not be. Nevertheless, the PISA
method may prove useful in cases where quantitative analysis is necessary to
distinguish between moderate MR from mild or severe forms [27, 28].

Hemodynamics

The MR jet is one of the most dynamic and load dependent lesions owing to the
large pressure gradient between the LV and LA during systole. The degree of MR at
any point in time is extremely sensitive to hemodynamics with numerous studies
demonstrating the dynamic nature of MR under different loading conditions. The
degree of MR has been shown to decrease with the reduction of preload and
afterload that is associated induction of general anesthesia. By contrast, increasing
afterload with phenylephrine and preload augmentation with fluid administration
has been shown to provoke or worsen the MR jet under general anesthesia. The
effects of general anesthesia often poses a challenge for the intraoperative
echocardiographer as the preoperative awake hemodynamics may significantly
differ from that found in the operating room. It may prove useful to make note of
the precise hemodynamic state of the patient at the time of intraoperative
echocardiographic assessment and compare the parameters to the baseline or pre-
operative loading conditions [5].
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Mitral Stenosis

Mitral Stenosis

2D » Mitral leaflet motion (restrictive)

* Mitral annular and leaflet calcification

* Left atrial enlargement

» LA spontaneous echo contrast (LAA thrombus identification)
* Small LV dimensions (underfilled)

* Planimetry

CFD * Flow acceleration on left atrial aspect
* Turbulent flow entering LV
Spectral * PHT-CWD

* Mean gradient-CWD
« MVA-PHT-based calculation, PISA-based calculation

LA left atrium, LV left ventricle, LAA left atrial appendage, PHT pressure half time, CWD
continuous wave Doppler, MVA mitral valve area, PISA proximal isovelocity surface area

The mitral valve (MV) assumes its largest area during diastole as it serves as a
conduit for left ventricular filling. The normal mitral valve area is approximately 4—
6 cm?, with significant elevations in the gradient across the MV as the area
approaches 1.0 cm”. Upstream from the stenotic mitral valve, a marked increase in
left atrial pressure is observed followed by chamber enlargement, stagnant blood
flow, and atrial dysrhythmias. As the disease process progresses, marked elevations
in left atrial pressure and pulmonary hypertension can precipitate right heart dys-
function. As blood converges near the narrow orifice, flow accelerates across the
valve as it enters the left ventricle. Downstream from the MV stenosis, an LV with
lower end diastolic volume from restricted filling is often evident on
two-dimensional echo [3, 24, 29].

Two-dimensional Echocardiography

Mitral stenosis (MS) is the result of a reduction in the valve area during diastole
from impaired valve opening. Although rheumatic heart disease is commonly
associated with mitral stenosis, nonrheumatic causes of MS have recently become
more important causes of MS [2, 24]. Nonrheumatic causes of mitral stenosis
include severe leaflet and annular calcification, congenital mitral defects like
parachute deformity (in which all chordae originate from a single papillary muscle),
infective endocarditis, LA thrombus or myxoma, carcinoid syndrome, and
post-repair or valve replacement associated MS [24]. The anatomic changes
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associated with the above-mentioned processes are often discernible on
two-dimensional echocardiography. Besides appreciating a reduction in valve
opening in the TG basal SAX view and ME views, echocardiographic signs of
calcific MS may include evidence of leaflet thickening, echogenic calcification,
retraction or shortening, fusion of the commissures and leaflet immobility.
Two-dimensional echocardiography often reveals calcium deposition extending to
the subvalvular apparatus and mitral annulus, which may be visualized in the ME
mitral commissural and TG LAX views.

In the case of rheumatic MS, the characteristic doming of the anterior leaflet or
formation of a “hockey stick” like appearance may be appreciated in the ME four
chamber and ME LAX views (Fig. 6.11; Video 6.11). The unique pattern of cal-
cification beginning at the leaflet tips renders this portion relatively immobile
compared to the remaining mobile midportion or body. By contrast, calcific MS
usually starts near the annulus and extends into the leaflets near the base and usually
does not involve the commissures or leaflet tips until later in the disease process.
Two-dimensional examination of the upstream effects of MS may reveal signs of
adaptation to LV inflow obstruction. Upstream echocardiographic signs of chronic
MS may include the presence of spontaneous echo contrast or early thrombus
formation, marked LA enlargement, systolic blunting of the pulmonary venous
flow, concomitant MR, RV dysfunction with paradoxical septal motion, RA
enlargement with bulging of the interatrial septum, and tricuspid regurgitation. Just

TIS0.1 MI 0.5
CX7-2tIAdult

FR 50Hz
14ecm

Fig. 6.11 “Hockey stick” deformity (green arrow) in a patient with rheumatic mitral stenosis
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Table 6.2 Mitral valve stenosis: quantitative assessment

Mild Moderate Severe
PHT (ms) 100 200 >220
Mean gradient (mmHg) 6 6-10 >10
Valve area® (cm?) 1.6-2.0 1.0-1.5 <1.0

Criteria for severe MS is highlighted in bold
PHT Pressure half time
“Valve area as determined by PHT formula, PISA calculation or planimetry

proximal to the stenotic mitral valve, an area of flow convergence is observed on
color flow Doppler as blood accelerates into the narrow orifice. As blood crosses
the plane of the valve, a population of high aliasing velocities beyond the limit of
detection (Nyquist limit) emerge and are displayed as a region of turbulent flow on
the color Doppler map.

Quantitative Assessment of Mitral Stenosis

The following sections describe the different quantitative echocardiographic
assessments of mitral stenosis (Table 6.2).

Pressure Gradients

As the underlying cause of mitral stenosis progresses, an increase in the LA-LV
transvalvular gradient develops as flow accelerates across the narrow opening. The
pressure differential (AP) between the LA and LV is described by the modified
Bernoulli’s equation or AP = 4v%, where v is the instantaneous peak velocity of
blood across the valve and AP is the pressure difference or gradient. The ME four
chamber and ME LAX views can be used measure the transvalvular gradient across
the mitral valve. Using continuous wave Doppler interrogation, it is important to
align the sampling cursor parallel to the direction of LV inflow. The resultant
transmitral inflow profile and velocity time integral (VTI) describes the observed
increase in velocities across the valve and delayed time for the LA and LV pres-
sures to reach equilibrium due to the stenotic orifice. From the transmitral inflow
profile, a mean gradient can be determined by tracing the area under the early filling
(E-wave) and late filling (A-wave) waves in their entirety (Figs. 6.12 and 6.13a, b).
The peak gradient or velocity describes the greatest pressure differential or velocity
of the fastest red blood cell of the entire population. More importantly, the mean
gradient is a value that represents the average pressure difference or velocity of the
entire column of blood moving from the atrium to the ventricle across the stenotic
orifice. The mean gradient derived from the VTI or area under the curve is used in
grading severity of mitral stenosis [24].
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Fig. 6.12 Flow dynamics of
mitral stenosis resulting in an
elevated peak E-wave
velocity and prolonged
pressure half time
downstream from stenotic
orifice
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Mitral Valve Area Calculations

Pressure Half Time (PHT)

As blood moves across the stenotic mitral valve, the pressure gradient between the
left atrium and ventricle begins to dissipate proportional to the degree of stenosis.
Similarly, the maximum peak instantaneous velocity of blood decelerates over time
proportional to the severity of MS. The more severe the obstruction to flow, the
longer it takes for the pressure in the LA and LV to equilibrate (Fig. 6.12). The
pressure half time (PHT) describes the slope or rate at which the atrial and ven-
tricular pressure differential decreases by 50 %. The more severe the stenosis, the
longer it takes for the LA and LV pressures to equalize and thus, a more prolonged
PHT (Figs. 6.12 and 6.13a, b). A PHT measurement as long as 300 ms corresponds
to severe MS whereas a normal mitral valve area with an insignificant transvalvular
pressure difference exhibits a PHT of ~50 ms. The PHT is inversely proportional
to the mitral valve area (MVA) and is defined by the equation

MVA(cm?) = 220/PHT (milliseconds)

In the ME four chamber or ME LAX view, the PHT is obtained by aligning the
Doppler beam parallel to the direction of flow through the MV and using contin-
uous wave Doppler to interrogate LV inflow. The PHT is then measured by taking
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Fig. 6.13 a Continuous wave Doppler interrogation across the mitral valve. The mean gradient of
the transmitral flow profile is calculated by tracing the entire envelope or velocity time integral.
b The spectral Doppler profile is characterized by a high velocity E-wave with a prolonged
pressure half time or deceleration time, which can be used to calculate the mitral valve area
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the peak velocity of the E-wave (early filling) and drawing a caliper along the slope
of deceleration, being careful to include the slope that encompasses the peak
velocity and the baseline (point of zero velocity). The machine software will
extrapolate the PHT in milliseconds and compute a mitral valve area. PHT mea-
surements above 220 ms correspond to severe MS (Figs. 6.12 and 6.13a, b) [3, 24].

Proximal Isovelocity Surface Area (PISA)

Proximal isovelocity surface area (Fig. 6.14) or flow convergence method is an
application of the continuity equation to measure the mitral valve area [24, 27]. As
blood flow converges upon the stenotic mitral valve, a marked increase in velocity
ensues, creating a series of organized hemispheres on the left atrial side of the
valve. The border between blue and red on the color flow map defines the boundary
between the first isovelocity hemisphere and represents the location of the first
aliasing velocity, corresponding to blood traveling faster than the limit of detection
(Nyquist limit) on the color flow Doppler scale. The radius of the first isovelocity
hemisphere is then carefully measured along with the angle () that is formed by
both mitral leaflets during diastole. The product of the area of the hemisphere (2777)
and the aliasing velocity on the color flow Doppler scale provides the volumetric
flow on the atrial side. The volumetric flow on the atrial side is then multiplied by
the angle correction factor, 0/180°, defined by the angle formed by the mitral
leaflets, yielding a more accurate flow measurement. To calculate the mitral valve
area, velocity of flow on the ventricular side must be measured by continuous wave
Doppler across the mitral valve. In the ME four chamber or ME LAX view, the
Doppler beam is positioned parallel to the direction of flow into the LV. The
continuous wave Doppler then produces a spectral profile that can be used to

MVA by PISA Technique

VELooTv o |

slissing ||

Fig. 6.14 Calculation of mitral valve area by PISA technique
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calculate the maximum velocity across the valve. Using the continuity equation
where the flow of blood on the atrial side equals the flow on the ventricular side

Areapemisphere X Velocityaliasing = Ar€amitral vatve X VelOCItY ival inflow’

Mitral Valve Area can then be derived as follows:

o . .
Areamial vave = /180 (Areahe,mslmere x Velocity jysing/ VElOCItY pigeal inﬂow).

Similar to utilizing PISA for MR, using PISA for MS can be laborious and
time-consuming with the potential for magnified errors in measurement of the
hemisphere. Therefore measurement of PHT and mean gradients are the mainstay
of estimating MS severity with PISA utilized for confirmation.

Planimetry

Planimetry is the direct measurement of the mitral valve area using
two-dimensional echocardiography [24]. Trace measurement of the mitral valve
area can be achieved using the transgastric basal SAX view. It is important to obtain
the best image possible and utilize the freeze function on the machine to capture the
valve opening in diastole. An accurate measurement of the valve area can be
maximized by advancing or withdrawing the probe in attempt to move the scan
plane from a superior position down to the level of the smallest valve opening. If
the scan plane measures the opening above the actual orifice, the mitral valve area
will be overestimated.

References

1. Silverman ME, Hurst JW. The mitral complex. Interaction of the anatomy, physiology, and
pathology of the mitral annulus, mitral valve leaflets, chordae tendineae, and papillary
muscles. Am Heart J. 1968;76(3):399-418.

2. Sidebotham DA, et al. Intraoperative transesophageal echocardiography for surgical repair of
mitral regurgitation. J Am Soc Echocardiogr. 2014;27(4):345-66.

3. Shernan SK. Perioperative transesophageal echocardiographic evaluation of the native mitral
valve. Crit Care Med. 2007;35(8 Suppl):S372-83.

4. Silbiger JJ, Bazaz R. Contemporary insights into the functional anatomy of the mitral valve.
Am Heart J. 2009;158(6):887-95.

5. Mahmood F, Matyal R. A quantitative approach to the intraoperative echocardiographic
assessment of the mitral valve for repair. Anesth Analg. 2015;121(1):34-58.

6. Salgo IS, et al. Effect of annular shape on leaflet curvature in reducing mitral leaflet stress.
Circulation. 2002;106(6):711-7.

7. Silbiger JJ. Anatomy, mechanics, and pathophysiology of the mitral annulus. Am
Heart J. 2012;164(2):163-76.



124 L. Nguyen and N. Gerstein

8. Mahmood F, et al. Echocardiography derived three-dimensional printing of normal and
abnormal mitral annuli. Ann Card Anaesth. 2014;17(4):279-83.

9. Padala M, et al. Saddle shape of the mitral annulus reduces systolic strains on the P2 segment
of the posterior mitral leaflet. Ann Thorac Surg. 2009;88(5):1499-504.

10. Hahn RT, et al. Guidelines for performing a comprehensive transesophageal echocardiographic
examination: recommendations from the American Society of Echocardiography and the
Society of Cardiovascular Anesthesiologists. ] Am Soc Echocardiogr. 2013;26(9):921-64.

11. Lambert AS, et al. Improved evaluation of the location and mechanism of mitral valve
regurgitation with a systematic transesophageal echocardiography examination. Anesth Analg.
1999;88(6):1205-12.

12. Mathew JP, et al. ASE/SCA recommendations and guidelines for continuous quality
improvement in perioperative echocardiography. Anesth Analg. 2006;103(6):1416-25.

13. Silbiger JJ. Novel pathogenetic mechanisms and structural adaptations in ischemic mitral
regurgitation. J Am Soc Echocardiogr. 2013;26(10):1107-17.

14. Jiang L, et al. Dynamism of the mitral annulus: a spatial and temporal analysis. J Cardiothorac
Vasc Anesth. 2014;28(5):1191-7.

15. Mahmood F, et al. Changes in mitral valve annular geometry after repair: saddle-shaped versus
flat annuloplasty rings. Ann Thorac Surg. 2010;90(4):1212-20.

16. Mahmood F, et al. Mitral annulus: an intraoperative echocardiographic perspective.
J Cardiothorac Vasc Anesth. 2013;27(6):1355-63.

17. Mahmood F, et al. Intraoperative application of geometric three-dimensional mitral valve
assessment package: a feasibility study. J Cardiothorac Vasc Anesth. 2008;22(2):292-8.

18. Owais K, et al. Three-dimensional printing of the mitral annulus using echocardiographic data:
science fiction or in the operating room next door? J Cardiothorac Vasc Anesth. 2014;28
(5):1393-6.

19. Khabbaz KR, et al. Dynamic 3-dimensional echocardiographic assessment of mitral annular
geometry in patients with functional mitral regurgitation. Ann Thorac Surg. 2013;95(1):105—
10.

20. Lee AP, et al. Quantitative analysis of mitral valve morphology in mitral valve prolapse with
real-time 3-dimensional echocardiography: importance of annular saddle shape in the
pathogenesis of mitral regurgitation. Circulation. 2013;127(7):832—41.

21. Connell JM, et al. Ischemic mitral regurgitation: mechanisms, intraoperative
echocardiographic evaluation, and surgical considerations. Anesthesiol Clin. 2013;31
(2):281-98.

22. Shakil O, et al. Ischemic mitral regurgitation: an intraoperative echocardiographic perspective.
J Cardiothorac Vasc Anesth. 2013;27(3):573-85.

23. Shah PM. Current concepts in mitral valve prolapse—diagnosis and management. J Cardiol.
2010;56(2):125-33.

24. Wunderlich NC, Beigel R, Siegel RJ. Management of mitral stenosis using 2D and 3D
echo-Doppler imaging. JACC Cardiovasc Imaging. 2013;6(11):1191-205.

25. Grayburn PA, et al. Multiplane transesophageal echocardiographic assessment of mitral
regurgitation by Doppler color flow mapping of the vena contracta. Am J Cardiol. 1994;74
(9):912-17.

26. Zoghbi WA, et al. Recommendations for evaluation of the severity of native valvular
regurgitation with two-dimensional and Doppler echocardiography. J Am Soc Echocardiogr.
2003;16(7):777-802.

27. Ashikhmina E, et al. Three-dimensional versus two-dimensional echocardiographic
assessment of functional mitral regurgitation proximal isovelocity surface area. Anesth
Analg. 2015;120(3):534-42.

28. Lambert AS. Proximal isovelocity surface area should be routinely measured in evaluating
mitral regurgitation: a core review. Anesth Analg. 2007;105(4):940-3.

29. Longo M, et al. Usefulness of transesophageal echocardiography during open heart surgery of
mitral stenosis. J Cardiovasc Surg (Torino). 2000;41(3):381-5.



Chapter 7
Aortic Valve

Michael Benggon, MD and Thomas Griffiths, MD

Abstract Echocardiographic evaluation of the aortic valve is not limited to just the
valve leaflets itself but also should include the left ventricular outflow tract, sinuses
of Valsalva, and the sinotubular junction. Echocardiographic evaluation of any
valve pathology should include a thorough two-dimensional examination of the
valve and associated anatomic findings, color flow Doppler interrogation, and
spectral Doppler analysis. Aortic stenosis is one of the most common cardiac
pathologies and can be caused by atherosclerotic thickening over time, congenital
bicuspid disease, or rheumatic heart disease. The severity of the stenosis can be
assessed by planimetry, spectral Doppler analysis using the continuity equation,
mean gradient measurement, and by evaluation of color flow through the valve
leaflets. Aortic regurgitation may be caused by root dilatation from vascular or
connective tissue disease processes as well as leaflet pathology. Color flow Doppler
analysis is a key to determining disease severity through measurement of the vena
contracta and jet width to left ventricular outflow diameter. Measurement of the
aortic regurgitation pressure half time and determining if there is any reversal of
blood flow within the descending aorta will also help to assess disease severity.
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Aortic insufficiency

Electronic supplementary material The online version of this chapter (doi:10.1007/978-3-
319-34124-8_7) contains supplementary material, which is available to authorized users.

M. Benggon, MD (D<)
Department of Anesthesiology, Loma Linda University, Loma Linda, CA, USA
e-mail: mbenggon@gmail.com

T. Griffiths, MD

Department of Anesthesiology, University of California San Diego,
200 West Arbor Drive MC 7651, San Diego, CA 92103, USA
e-mail: thomaslgriffiths @googlemail.com

© Springer International Publishing Switzerland 2016 125
T.M. Maus et al. (eds.), Essential Echocardiography,
DOI 10.1007/978-3-319-34124-8_7


http://dx.doi.org/10.1007/978-3-319-34124-8_7
http://dx.doi.org/10.1007/978-3-319-34124-8_7

126 M. Benggon and T. Griffiths

Introduction

The aortic valve (AV) is one of two semilunar valves in the heart, the other being
the pulmonic valve. The AV allows blood that is ejected from the left ventricle to
enter the systemic circulation while preventing reversal of flow back into the left
ventricle during diastole. Unlike the atrioventricular valves (mitral and tricuspid
valves), the semilunar valves do not have associated chordae tendineae to support
their form and rely on fibrous connective tissue to keep their shape. A thorough
echocardiographic evaluation of the aortic valve includes evaluation of the left
ventricular outflow tract, aortic annulus, the sinuses of Valsalva, the sinotubular
junction, proximal ascending aorta, and the valve itself (Fig. 7.1). The structure of
the aortic valve is made up of three curved leaflets or cusps, designated by their
location in relation to the coronary arteries, i.e., the left coronary cusp, right
coronary cusp, and non-coronary cusp (adjacent to the inter-atrial septum).
Associated with each cusp is a sinus or concavity that forms the sinuses of Valsalva.
The sinuses of Valsalva connect distally to the ascending aorta at the sinotubular
junction. The structure of these sinuses function to allow constant blood flow to the
coronary arteries while the aortic valve is open, preventing the leaflets from
occluding the coronary orifices, and reducing stress to the leaflets [1, 2].
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Fig. 7.1 ME AV LAX view: from left to right, the measured indices are of the left ventricular
outflow tract (LVOT), aortic annulus, sinuses of Valsalva and the sinotubular junction



7 Aortic Valve 127

The left ventricular outflow tract (LVOT) is the portion of the ventricle just
proximal to the annulus of the aortic valve made up of the ventricular septum and
the fibrous tissue or “intervalvular septum” adjoining the aortic and mitral valves
along the left and non-coronary cusps and anterior leaflet, respectively. Dilatation of
these proximal or distal areas may cause structural changes to the valve that affect
how the three leaflets come together or coapt. Narrowing or stenosis will cause
obstruction of blood flow.

Constant high pressure due to the driving force of the left ventricle into the
systemic circulation with its own high pressures from vascular resistance causes
cellular restructuring after birth which makes the aortic the most durable valve.
These same forces can also be detrimental in excess, causing valvular pathology
over time.

Aortic Stenosis

Aortic stenosis (AS) is one of the most common cardiac pathologies in the elderly
population, second to coronary artery disease. Causes include atherosclerotic
thickening of the leaflets, a congenital bicuspid aortic valve, or as a sequelae from
rheumatic heart disease. Sclerotic thickening is the most common cause in the
elderly population, whereas congenital bicuspid aortic valve stenosis tends to
present earlier. Rheumatic heart disease, which usually presents with mitral valve
involvement as well, can appear earlier or later in life depending on when the
patient was infected. Rheumatic causes of valvular disease are becoming less
prevalent in developed countries. Symptoms of AS usually do not occur until the
disease is severe and include shortness of breath with exertion, syncope, and chest
pain. Once symptomatic, timely replacement of the aortic valve must be undertaken
as delay to treatment is associated with a poor prognosis due to rapid disease
progression [3].

Restriction of blood flow through the aortic valve increases afterload on the left
ventricle. The left ventricle adapts by increasing its wall thickness through added
muscle and fibrous tissue. This in turn begins to affect diastolic function as the con-
centrically hypertrophied ventricle becomes less compliant. Ventricular relaxation
during diastole also decreases, further decreasing end-diastolic volumes and increasing
end-diastolic pressures (see Chap. 9). This results in cardiac congestion. Higher ejection
fractions are required to maintain stroke volume and cardiac output, while compen-
satory neurohormonal signals such as the renin-angiotensin-aldosterone system mediate
increased fluid retention [4]. Increased muscle contraction with decreased relaxation
may also lead to angina from ischemia due to prolonged compression of endocardial
coronary arteries. The pathway of aortic stenosis is a downward spiral that can be made
acutely worse by any number of conditions (e.g., hypovolemia, tachycardia, atrial
fibrillation, ischemia, and cardiac depressive agents).
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Echocardiographic Evaluation

Aortic Stenosis

2D » Number of Leaflets (tricuspid vs bicuspid)

* Calcification (calcific vs. rheumatic)

* Leaflet mobility (restriction systole £ diastole)

* Decreased systolic leaflet opening (assess severity)

* Secondary changes (LAE, LVH, Post stenotic dilation)

CFD * Flow acceleration proximal to valve
* Turbulent flow distal to valve

Spectral » Peak and mean velocities (gradients)
* Aortic Valve Area (continuity equation)
* Dimensionless index

LAE left atrial enlargement; LVH left ventricular hypertrophy

A good strategy for interrogating the aortic valve with transesophageal echocar-
diography (TEE) involves a three-step approach:

1. Two-dimensional (2D) inspection of the entire apparatus and associated sec-
ondary changes (i.e., ventricular hypertrophy, diastolic dysfunction, left atrial
enlargement)

2. Color flow Doppler (CFD) across the valve, and

3. Spectral Doppler (pulsed wave Doppler or continuous wave Doppler) evaluation
of blood flow velocities.

Basic perioperative transesophageal echocardiography (PTE) certified practi-
tioners should be able to evaluate the severity of a stenotic valve lesion and “if the
valve lesion is considered severe, or if comprehensive quantification is required to
ultimately determine the need for intervention, a consultation with an advanced
PTE echocardiographer is necessary to confirm the severity and etiology of the
valve pathology.” Furthermore, prosthetic valves should be assessed by practi-
tioners with advanced PTE certification [5].

Two-Dimensional Assessment

As discussed in Chap. 3, two-dimensional echocardiographic evaluation is best
achieved when the structure of interest is placed perpendicular to the ultrasound
beam. Therefore, visual inspection of the aortic valve is best obtained in the
midesophageal aortic valve long and short axis views (ME AV LAX and ME AV
SAX). Two other important views, the transgastric long-axis and deep transgastric
long-axis (TG LAX and deep TG LAX), should also be inspected in 2D but due to
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Fig. 7.2 Aortic stenosis: A ME AV SAX view of a severely calcified aortic valve (red arrow).
Notice the clear distinction of the three leaflets ruling out congenital bicuspid disease. Patient
medical history may help to distinguish between senile calcific degeneration and rheumatic disease

their parallel orientation to the ultrasound beam they find more utility in spectral
Doppler analysis. The goals of visual inspection include assessing leaflet motion,
discerning the location and degree of calcification, and identifying any associated
secondary anatomical changes.

In all types of AS, leaflet motion tends to be restrictive with decreased excursion
during systole and potentially without appropriate coaptation during diastole.
Atherosclerotic or senile calcific degeneration of the valve involves heavy calcifi-
cation of the entire leaflet, annulus, and may extend through the sinuses of Valsalva
to the sinotubular junction (Fig. 7.2; Video 7.1). Congenital bicuspid valves and
especially rheumatic valves tend to calcify along the commissures but calcification
may become so severe as to be indistinguishable from general atherosclerosis.

Associated anatomic findings in patients with AS are secondary to the change in
physiology caused by the stenosis. As mentioned above, left ventricular concentric
hypertrophy develops to overcome the increase in afterload. As the disease pro-
gresses, diastolic function of the left heart will decrease and indices for assessing
diastolic function, such as E to A ratio, E’ velocity, E/E’ ratio, or pulmonary vein
flow will begin to worsen (see Chap. 9). As the diastolic function declines, the left
atrium may begin to dilate. As the disease process progresses, left heart failure with
decreased ejection fraction resulting in elevated pulmonary artery pressures, and
even right heart dilation and dysfunction may occur. Downstream from the valve
secondary changes include dilation of the aortic root, termed post-stenotic
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Fig. 7.3 Valve area planimetry: a mid-esophageal aortic valve short axis view of a congenital
bicuspid aortic valve during mid to late systole. Using the trace function to outline the ejection
orifice at its largest diameter yields an area of 0.764 cm?, which constitutes severe aortic stenosis

Table 7.1 Values for grading aortic stenosis severity

Mild Moderate Severe
Valve area (cm?) >1.5 1.0-1.5 <1.0
Leaflet separation distance (mm) >12 <8 <8
Mean gradient (mmHg) <20 2040 >40

dilatation. Unlike laminar flow, turbulent flow exerts an outward pressure on the
aortic wall and with chronicity leads to aortic dilation.

Using the ME AV SAX view, the area of the aortic valve orifice can be obtained by
tracing the perimeter of the leaflet tips during mid to late systole (Fig. 7.3; Video 7.2).
However, this can be difficult to visualize with increasing degrees of calcification.
Using CFD to identify the narrowest opening between the three leaflets during systole
and optimizing tissue echogenicity by turning down the gain can help delineate the
orifice. Aortic valve areas of 1.0-1.5 cm?® are moderately stenosed, whereas an area
less than 1.0 cm? is considered severe disease [6] (see Table 7.1).

Two-dimensional views of the valve in the ME AV LAX view, with or without
the aid of color flow Doppler, can show the maximum distance between leaflet tips
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Fig. 7.4 Systolic leaflet tip distance: A ME AV LAX view of maximal leaflet tip separation
during systole with the aid of CFD. This distance of 0.406 cm confirms the presence of moderate
to severe stenosis

during systole (Fig. 7.4). A distance less than 8 mm is 97 % predictive of severe
disease and 100 % predictive of moderate or severe disease, whereas 12 mm or
more is 96 % predictive of mild disease or less [7].

Color Flow Doppler (CFD)

Color flow Doppler of the valve may also show flow acceleration in the form of
aliasing hemispheres in the LVOT moving toward the stenotic orifice during systole
(Fig. 7.5; Video 7.3). While similar to the mitral valve, PISA methods may be
employed. However, they are not typically utilized. Instead recognizing the pres-
ence of flow acceleration in the LVOT on CFD should alert the echocardiographer
that significant stenosis may be present. Due to the high velocity of flow distal to the
stenotic valve, CFD will show turbulent flow in the proximal aorta.
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Fig. 7.5 Flow acceleration and turbulence: A ME AV LAX view of flow acceleration in the
LVOT as blood flow moves into a stenotic aortic valve orifice. Note the concentric or hemispheric
color pattern (red arrow). High velocity flow distal to the valve causes a turbulent heterogenous
color pattern indicated by the green arrow (vs. a laminar homogenous color pattern in normal
flow)

Spectral Doppler

Spectral Doppler assessment of the aortic valve is best obtained in the deep
TG LAX and TG LAX views, and is considered the most accurate method for
quantifying aortic stenosis echocardiographically. The transgastric views allow the
Doppler line of interrogation to be parallel to flow of blood optimizing accurate
blood flow velocity measurements. Spectral analysis can then be utilized to estimate
the valve area using the continuity equation and the pressure gradient across the
valve via the modified Bernoulli equation.

The continuity equation states simply that the volume of blood in a single beat
ejected through the LVOT during systole must equal the same volume ejected
through the aortic valve orifice during the same single beat. Volumes of blood can
be difficult to assess, however, velocity of blood flow through the LVOT and aortic
valve can be obtained using pulse and continuous wave Doppler, respectively
(Figs. 7.6 and 7.7a). In the deep TG LAX view, the pulse wave Doppler is placed 1
centimeter behind the aortic valve. Using, the existing software on the echocar-
diography machine, the velocity-time integral (VTI) or the integral of the area under
the curve of the systolic velocity over time can be calculated (see Chap. 3). The
tracing provides the length (cm) that a blood cell travels in one systolic beat in that
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Fig. 7.6 Pulse Wave Doppler of LVOT: A pulse wave Doppler (PWD) measurement of the
LVOT one centimeter proximal to the aortic valve at the level of the sample volume (two parallel
lines on the cursor). Note that the waveform occurs during systole and has a bright white outline
with a black core. The wave is traced from baseline (orange line) and the computer calculates the
velocity-time integral (VTI) from the area under the curve

given structure. The LVOT is assumed to be cylindrical in shape and all blood flow
traveling though it is laminar (moving in a similar direction at the same speed).
The LVOT cross-sectional area (CSA) at the point of pulse wave interrogation can
be calculated using nir’. The volume of a cylinder of blood that moves uniformly
through that space can be calculated by multiplying the cross-sectional area by the
velocity-time integral (or cross-sectional area x length). According to the continuity
equation principle of “volume in equals volume out,” this cylindrical volume of
blood must also pass through the aortic valve during systole. Using the deep
TG LAX view or the TG LAX view, the VTI of the aortic valve is measured using
continuous wave Doppler and the area of the aortic valve orifice can be calculated
as follows:

LVOT volumegygoe = Aortic valve orifice volumegygiole
LVOTcsa X LVOTyt = Aortic valve orifice area x Aortic valveyry
Aortic valve orifice area = (LVOTcsa X LVOTyry)/Aortic valveyry
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<« Fig. 7.7 Continuous wave doppler of aortic valve: a A continuous wave Doppler
(CWD) measurement of the aortic valve during systole. Since the valve orifice is the narrowest
area along the Doppler line of interrogation, a tracing of the outer perimeter of the wave is assumed
to represent the VTI at that level (green arrow). Note that the echocardiographer also traced a
smaller waveform within the larger wave, representing the LVOT VTI (red arrow). This is the
“double envelope” profile that can be seen with aortic stenosis. b A CWD profile of a patient with
aortic stenosis. The green arrow indicates the AV envelope while the red arrow indicates the
LVOT envelope

An hour glass is a simple example of the conservation of mass principle
involved. Sand proximal to the central orifice moves in a large volume slowly,
whereas sand in the narrowest part moves very quickly though the same volume
crosses this portion over a fixed time as it moves through the proximal wider area
during the same time.

The above described technique utilizes VTI measurements (LVOT and AV)
derived from two separate cardiac beats. While this approach to aortic valve area
(AVA) is valid, it does assume that the stroke volume does not change beat to beat.
This may prove false in the setting of arrhythmias (i.e., atrial fibrillation) or stroke
volume changes (i.e., positive pressure ventilation). Therefore, the double envelope
technique allows the determination of LVOT and AV VTIs from a singular beat.
When a CWD profile in a deep TG LAX view is obtained in an aortic stenosis
patient, the profile may display two overlapping “envelopes”. Continuous wave
Doppler measures all velocities along its line of interrogation (i.e., range ambigu-
ous). The bulk of velocities measured is traveling slower and make up the brighter
inner envelope representing the LVOT velocities. The velocities begin to accelerate
and spread out when traversing the stenotic aortic valve. Therefore, the lighter
shaded larger envelope represents the AV VTI (Fig. 7.7b). Obtaining both VTI
measurements from a single beat removes the variability of stroke volume changes
between two different beats.

One potential drawback of the continuity equation is the estimation of the LVOT
area. This involves the assumption that the LVOT is circular (which may also be
ellipsoid or trapezoidal) as well as the squaring of the radial measurement.
Therefore, any error in the measurement becomes significantly expanded and
propagated, yielding potentially inaccurate AV areas. An attempt to eliminate this
measurement error is the dimensionless index, which is simply a ratio of the
LVOT VTI to the AV VTIL. A low ratio (less than 0.25) indicates significant
velocity differences between the LVOT and AV and represents severe AS.

The modified Bernoulli equation eliminates negligible variables from the orig-
inal formula in the clinical setting of echocardiography to come up with a simple
method of determining change of pressure across a fixed orifice. The simplified
equation, change in pressure = 4(velocity)?, can easily determine the peak pressure
gradient across the aortic valve using continuous wave Doppler in a Deep TG LAX
or TG LAX view to determine the peak velocity. Mean pressure gradients, which
evaluate the average gradient across the valve throughout systole, provide a better
trend of disease severity [8]. When tracing a velocity-time profile, the ultrasound
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software provides peak velocity and gradient, mean velocity and gradient as well as
the VTI discussed previously. Mean aortic valve gradients of 20-40 mmHg denote
moderate stenosis, whereas <20 mmHg is mild disease [6] (Table 7.1).

While a peak or mean gradient is less time consuming and does provide a quick
glimpse into the severity of aortic stenosis, care must be taken in patients with a
reduced stroke volume (e.g., low contractility or hypovolemia). The low stroke
volume or low pressure generated from the left ventricle will be reflected in low
gradients despite the presence of significant aortic stenosis, thereby underestimating
the degree of AS. In this setting the continuity equation is preferred as the reduction
in stroke volume and pressure will be reflected in both sides of the equation (the
LVOT and AV).

Aortic Regurgitation

As discussed previously, the aortic valve function involves not simply the valve
leaflets themselves but also the surrounding structures of the LVOT, aortic valve
annulus, sinuses of Valsalva and the proximal ascending aorta. Defects in any of
these structures may lead to aortic valve incompetency [9]. When evaluating the
cause of aortic incompetency, the etiology can typically be placed into one of three
groups:

1. Aortic Root Dilatation: Examples of conditions that can cause enlargement of the
aortic root include connective tissue disorders (Ehlers—Danlos, Marfan’s, Loey—
Dietz), ascending aortic aneurysms, aortitis, and dissections. With enlargement of
the aortic root, the cusps of the valve can also be pulled outward, increasing the
overall diameter of the valve preventing coaptation of the leaflets. This typically
produces a centrally regurgitant jet.

2. Excessive Cusp Motion: Flail leaflets that fail to coapt above the annular plane
are unable to participate in valve closure and lead to incompetency. These jets
tend to be eccentric in nature.

3. Cusp Integrity: Heavy calcium deposition, fibrosis, rheumatic heart disease,
bicuspid valves, and endocarditis can all cause the integrity of the valve to be
breached. The resultant regurgitant jet therefore can be central or eccentric.

Valvular lesions that from the first two groups have the potential of valvular
repair, while category three often requires valve replacement.

During evaluation of the aortic valve, care must be taken to note the current
hemodynamic state of the patient (i.e., hemodynamic changes of general anesthe-
sia). Similar to the evaluation of the mitral valve, changes in preload, afterload, and
contractility can dramatically change the appearance of regurgitant aortic jets.
These changes may not give a true representation of disease severity that patients
suffer during their normal physiologic hemodynamic state.
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Echocardiographic Evaluation

Aortic Regurgitation

2D » Number of Leaflets (tricuspid vs. bicuspid)

* Leaflet structure and mobility (calcification, prolapse, flail, perforation,
malcoapt)

* Surrounding Pathology: Endocarditis (vegetation), Aortic Dissection

¢ Measurements (LVOT, AV Annulus, Sinuses of Valsalva, STJ)

 Secondary changes (Eccentric LV Hypertrophy)

CFD * Diastolic turbulent flow

* Vena Contracta and Jet Width: LVOT Diameter ratio

Spectral | » Pressure Half Time

* Deceleration Slope

* Diastolic flow reversal (descending thoracic aorta)

LVOT left ventricular outflow tract; AV aortic valve; STJ sinotubular junction; LV left

ventricle

Two-Dimensional Assessment

A simple 2-D evaluation will give an overall impression of the valve and supporting
structural integrity as well as to categorize the mechanism of regurgitation.
Vegetations, flail leaflets, enlarged roots, heavy calcifications, valvular leaflet
restrictions, or aortic dissections are among the rapidly identified pathologies using
2-D echo. Observing a malcoaptation in two dimensions alerts the echocardiogra-
pher to aortic regurgitation (AR) before even instituting CFD (Fig. 7.8; Video 7.4).
Inspection of the valve initially in the ME AV SAX and ME AV LAX views can
aid in alluding to a mechanism. Measurements of the LVOT diameter, AV annulus,
sinuses of Valsalva, and sinotubular junction can help to ascertain the influence of
an enlarged root on valvular function. Leaflet structure and mobility is a key in
identifying the role of calcification and restricted leaflet motion (both systole and
diastole) versus leaflet destruction and prolapse in the setting of vegetations and
endocarditis. Lastly, inspection of the aortic root for aortic dissection flaps is
important due to the prognostic implications of a rapid diagnosis (see Chap. 10).
Therefore, while the severity of aortic regurgitation rests on CFD and spectral
Doppler interrogation, 2D evaluation provides key insight into mechanisms.
Similar to other valvular lesions, secondary anatomical changes may occur in the
presence of AR. The chronicity of AR will often dictate such changes. Acute AR
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Fig. 7.8 Malcoaptation: A ME AV LAX view in a patient with bicuspid aortic valve disease and a
dilated annulus and aortic root. The diastolic image shows a failure of coaptation (red arrow)

does not provide the time needed for the LV to accommodate the significant volume
overload and may present with LV systolic dysfunction. Chronic AR may be
associated with LV dilation and eccentric hypertrophy to accommodate the volume
overload with an enlarged stroke volume.

Color Flow Doppler

Color flow Doppler is again most useful in the short and long axis of the aortic
valve. Simply placing the CFD box over the aortic valve and adjusting the view to
show the point of leaflet coaptation can identify regurgitant lesions (Fig. 7.9;
Video 7.5). Once a lesion is identified, as with all valves, quantification of its
severity into mild, moderate, or severe should be determined.

Quantification of Aortic Regurgitation

Vena Contracta

The term vena contracta is derived from Latin with vena = blood vessel and
contracta = violation. The vena contracta “is the narrowest flow of a regurgitant jet
immediately downstream from the convergence region” (Fig. 7.10) [10]. Measuring
a vena contracta is a simple and quick method to estimate the severity of aortic
regurgitation. The probe is finely adjusted until the largest regurgitant jet cross the
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Fig. 7.9 Aortic Regurgitation: A ME AV LAX view in a patient with an ascending aortic
dissection and severe aortic regurgitation. The red arrow indicates the intimal flap (flow is seen in
the intimal tear). The green arrow indicates the severe aortic regurgitation with flow filling the
LVOT during diastole

AV plane is obtained and the image is then acquired. The diastolic phase of the
acquired image can then be examined to isolate the largest jet. The neck of the jet at
its narrowest point as it crosses the aortic valve is then measured. A diameter below
0.3 mm is mild, 0.3-0.6 mm is graded as moderate and measurements above
0.6 mm is considered severe regurgitation. Importantly, a vena contracta is a rel-
atively load independent measurement which is a valuable characteristic to this
quantitative modality.

Jet Width to LVOT Diameter

Jet width to LVOT diameter is another easily deployed quantitative measure of
aortic regurgitation. Similar to the measurement of a vena contracta, the regurgitant
jet is optimized to find the largest regurgitant flow back into the LVOT. Motion
Mode (M-Mode) is a basic function on all echocardiography machines that displays
temporal changes of a single echo beam over time. The M-Mode beam should be
directed so it images approximately one centimeter into the LVOT from the aortic
valve. The size of the jet can then be measured in relation to the width of the LVOT.
A regurgitant jet that occupies between 25-65 % of the LVOT is deemed moderate
in severity. A jet size sitting below or above this measurement is deemed mild and
severe, respectively (Fig. 7.11).
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Fig. 7.10 Vena Contracta: The ME AV LAX view with a color flow Doppler box over the mitral
and aortic valves. Regurgitant flow can be seen entering the left ventricle. A caliper measurement
(green arrow) is seen measuring the jet as it crosses the aortic valve showing a distance of 0.38 cm
(moderate severity)

Spectral Doppler

Pulse wave Doppler and continuous wave Doppler can both be utilized to further
quantify the severity of aortic regurgitation. These methodologies are compli-
mentary to CFD severity techniques. Like any clinical diagnosis, it is a culmination
of findings to determine severity as opposed to one single result.

Aortic Valve Pressure Half Time (PHT)

The principle of aortic valve pressure half time, as its name suggests, is to quantify
the period of time it takes for the pressure differential between the left ventricle and
aorta to decrease by half. This is analogous to the PHT utilized in mitral valve
stenosis (see Chap. 6). From the deep TG LAX view, a continuous wave Doppler
signal can be aligned to the jet entering the LVOT from a regurgitant lesion. The
slope of the regurgitant jet from its peak velocity to the end of its decay is traced
(Fig. 7.12). The AR PHT is then calculated by the included ultrasound software,
providing a time value in milliseconds. A larger opening in the aortic valve (worse
aortic regurgitation) will be noted by a more rapid equilibration of pressures
between the aorta and the LVOT. Moderate aortic regurgitation is indicated by a
time of 200-500 ms. Values on either side of this are severe (<200 ms) or mild
(>500 ms) (see Table 7.2). Similarly the slope of the deceleration line can infer the
degree of AR severity. The steeper the slope the more severe the AR, such that
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Fig. 7.11 Jet Width to LVOT Diameter: M-Mode of an echo beam one centimeter from the aortic
valve into the LVOT. Note the EKG confirming the jet is in diastole. Measurements identify a
LVOT jet width of 1.33 cm, LVOT diameter of 1.75 cm and a ratio of jet to outflow tract of 76 %
indicating severe regurgitation

values greater than 3 meters per second indicate severe AR while values greater
than 2 m/s indicate moderate AR.

Descending Aorta Reversal of Flow

Determining the direction of flow in the descending aorta can help to confirm the
severity of aortic regurgitation. In a normal patient, aortic flow in the descending
thoracic aorta should be antegrade during systolic ejection as well as during the
diastolic runoff. If reversal of flow in the descending thoracic aorta during diastole
is identified, aortic insufficiency is confirmed. The further from the aorta valve that
the flow reversal is detected the more severe the aortic regurgitation such that
detection of reversal in the lower descending aorta suggests severe regurgitation.
However conversely, the absence of reversal of flow does not rule out a severe
regurgitant lesion. Moderate regurgitant lesions may have reversal in the proximal
descending aorta while mild regurgitant lesions typically will not have any reversal
of flow within the descending aorta.

In order to make this assessment of the diastolic flow, a long-axis view of the
descending aorta is obtained. A pulsed wave Doppler beam is then aligned as
parallel to flow as possible. A severely incompetent valve will produce holodias-
tolic flow reversal (Fig. 7.13).
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Fig. 7.12 Aortic valve pressure half time: a deep TG LAX view is obtained to align the
continuous wave Doppler beam parallel to the flow into the LVOT. The peak velocity (Vmax) of
the regurgitation is the starting point for the measurement of the jet’s pressure decay. The PHT is
then calculated —340 ms (moderate aortic regurgitation)

Table 7.2 Values for grading aortic regurgitation severity

Mild Moderate Severe
Vena contracta (mm) <0.2 0.2-0.6 >0.6
Jet width: LVOT diameter ratio (%) <25 25-65 >05
PHT (ms) >500 200-500 <200

LVOT left ventricular outflow tract; PHT pressure half time

Conclusion

The aortic valve is an integral cardiac structure allowing the ejection of blood to the
aorta while maintaining a gradient during diastole to provide diastolic runoff and
prevent reflux of blood back into the left ventricle. Dysfunction in the form of
stenosis leads to a hinderance of systolic ejection, hypertrophy of the left ventricle
and eventual heart failure, while dysfunction in the form of regurgitation may occur
from multiple mechanisms and may lead to eccentric hypertrophy and congestive
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Fig. 7.13 Descending aorta reversal of flow: a long axis of the descending aorta is obtained, and a
pulse wave Doppler beam is placed within the aorta. The waveform demonstrates normal systolic
forward flow (green arrow), however holodiastolic flow reversal (red arrow) is noted indicative of
severe aortic regurgitation

heart failure. Echocardiography via two-dimensional, color flow Doppler, and
spectral Doppler plays a key role in the diagnosis and management of such patients.
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Chapter 8
The Right Heart

Dalia Banks, MD, FASE

Abstract Historically, clinical and research efforts have primarily focused on the
left ventricle. However, relatively recent identification that evidence of right heart
dysfunction increases the perioperative morbidity and mortality of patients under-
going both cardiac and noncardiac surgery has brought the echocardiographic
evaluation of the right heart into the spotlight. This chapter serves to identify the
unique concerns when evaluating echocardiographically the complex geometry and
physiology of the right heart as well as its unique adaptive properties in response to
acute and chronic afterload increases. Both anatomical assessments and quantitative
methods of evaluating right ventricular function will be discussed. Transesophageal
echocardiography therefore plays a key role in the identification and management
of those patients at risk for right heart dysfunction.

Keywords Right ventricle - Right atrium - Pulmonary hypertension - Pulmonary
embolism - Tricuspid regurgitation - Pulmonary artery

Introduction

The right ventricle (RV) historically has been overlooked and viewed as less
important than the left heart. However, recently there has been considerable interest
in understanding the function of the right ventricle. Right ventricular dysfunction
has been associated with increased morbidity and mortality within both cardiac and
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noncardiac surgical arenas. The main function of the RV is to enhance venous
return by accommodating systemic return into a low-pressure chamber and sub-
sequently transit blood to the left heart via the low-pressure pulmonary circuit.
Recognition of right heart dysfunction due to acute pathology such as pulmonary
embolism or chronic pathology such as pulmonary hypertension is key to periop-
erative management. Transesophageal echocardiography (TEE) plays a significant
role both in the identification and quantification of perioperative right heart
dysfunction.

Right Ventricle Structure and Function

The RV forms the major portion of the anterior surface of the heart immediately
behind the sternum, while the inferior border of the RV abuts the diaphragm. The
right ventricle is an asymmetric crescent-shaped chamber that is wrapped around
the right and anteroseptal side of the left ventricle (LV). In healthy individuals, RV
dimensions are roughly two-thirds the size of LV dimensions. The RV is generally
separated into three portions: inflow, apical, and outflow. These distinct regions are
separated by a series of encircling muscular bands. The inflow portion is trabecu-
lated and consists of the tricuspid valve, chordae tendinae, and papillary muscles.
The apical portion is also a muscular portion connecting the inflow to the
smooth-surfaced outflow tract. The outflow region therefore contains the smooth
myocardial outflow tract and pulmonic valve [1, 2].

The encircling muscular bands include four individual bands, however the
moderator band is most important to the echocardiographer. The moderator band
extends from the base of the anterior papillary muscle near the ventricular free wall
to the ventricular septum. When it becomes prominent from right ventricular
hypertrophy, the moderator band may be mistaken for a thrombus or intracavitary
mass [3, 4].

The RV wall motion is complex, characterized by a peristaltic-like motion.
Contraction is sequential, beginning with the inlet portion contracting toward the
apex and ending with the infundibulum. RV longitudinal shortening occurs mainly
during the ejection phase of the cardiac cycle, while circumferential motion occurs
mainly during the isovolumic contraction phase [5, 6].

The RV is mostly supplied by the right coronary artery (RCA) with the posterior
descending artery (PDA) supplying one-third to two-third of the RV septum. The
left anterior descending artery (LAD) may supply a portion of the apex, while
branches off of the RCA, the acute marginal arteries, supply the RV free wall.
Lastly, in the majority of patients, the RCA supplies perfusion to the atrioven-
tricular (AV) node and sinoatrial (SA) node.

The RV provides a similar stroke volume as the LV, however with 25 % of the
stroke work due to the low-pressure, high-compliance circuit in the pulmonary
circulation [7]. As a result, the wall thickness of the RV is half the size of LV wall,
making the RV a much more compliant chamber. The right and left ventricles share
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the interventricular septum (IVS) and are enclosed within the same pericardial sac.
Therefore, ventricular interdependence exists. The IVS contributes to both LV and
RV function, is responsible for approximately one-third of the RV stroke work
under normal conditions, and is a major determinant of overall RV performance [8—
10]. Normally the IVS is shifted toward the RV free wall (concave toward the LV)
during systole and diastole, contributing to RV ejection. However, this relationship
is changed in conditions that lead to an increase in RV pressure or volume overload,
shifting the septum paradoxically toward the LV, altering LV geometry, resulting in
decreased LV preload and low cardiac output [11].

Transesophageal Echocardiographic Views for Evaluation
of the Right Ventricle

Qualitative evaluation of the RV should allow the examiner to answer five ques-
tions as illustrated in Table 8.1. As described in Chap. 2, there are several views
that focus on evaluation of the right heart. They are briefly outlined below.

Midesophageal four-chamber—A midesophageal (ME) view with a multiplane
angle of 0-20° allows for evaluation of RV chamber size, function, and anatomical
variants [12, 13]. From a standard ME four-chamber view, turning the probe to the
right (clockwise) allows imaging of the right atrium (RA), right ventricle, tricuspid
valve (TV), as well as the interatrial and interventricular septums. This view is the
most utilized view to assess the right heart.

ME RV inflow—outflow view—Placing the right heart in the center of the imaging
sector and increasing the multiplane angle to 60-90° will develop the ME RV
inflow—outflow view. This view demonstrates the “wrapping” nature of the RA,
RV, and pulmonary artery (PA) in relation to the left heart. Assessment of the RA,
TV, RV free wall, RV outflow tract, pulmonic valve (PV), and main PA can be
accomplished in this view. With an image of both the TV and PV, this view is used
to help guide placement of the pulmonary artery catheter as well as estimate RV
systolic pressure.

ME bicaval view—From the ME RV inflow—outflow view, increasing the
multiplane angle to 90-110° and turning the probe to the right develops the ME
bicaval view. This view displays the LA, RA, and the interatrial septum. In the

Table 8.1 Outline of
echocardiographic evaluation
of the right heart

Echocardiographic evaluation of the RV should allow the
examiner to answer the following five questions

1. What is the RV Shape?

2. What is the RV area relative to LV area?
3. What is the RV free wall thickness?

4. How is the RV free wall motion?

5. What is the interventricular septal motion?
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standard bicaval view, the SVC and IVC, as well as the right atrial appendage, are
in view. Turning of the probe slightly left (counterclockwise) or increasing the
multiplane angle by 10-20° will bring the tricuspid valve and coronary sinus in
view. This adjustment results in the modified bicaval view [2, 12].

ME ascending aortic short axis view—This view demonstrates the relation of the
main and right PA to the ascending aorta and SVC, and proves useful in identifying
PA dilatation and PA thrombus, as well as confirming the position of a properly
placed PA catheter.

Transgastric (TG) midpapillary short axis view—With a rightward probe rota-
tion from a standard TG midpapillary short axis view, an image of the
crescent-shaped RV is developed. Again, the anterolateral position of the RV in
relation to the left ventricle (LV) is noted.

TG RV inflow view—Increasing the multiplane angle to 90° from the prior view
yields the TG RV inflow view. This view shows a “two-chamber” view of the right
heart with a focus on the tricuspid valve and the subvalvular apparatus, as well as
the right ventricular free wall.

Physiology of the Right Heart: Adaptations to Pulmonary
Hypertension

The pulmonary circulation is normally a low-pressure and low-resistance circuit in
comparison to the systemic circulation. The normal systolic, diastolic, and mean pul-
monary artery pressure (PAP) are 22, 10, and 15 mmHg, respectively. The pulmonary
vascular resistance (PVR) is normally 0.9-14 Wood units, or about 90-120 dy-
nes sec cm . Pulmonary hypertension (PH) is generally defined as a mean PAP of
greater than 25 mmHg, or a PVR greater than 300 dynes sec cm ™ >. A mean PAP greater
than 50 mmHg or a PVR greater than 600 dynes sec cm > is considered severe PH.
The PVR is important because it represents the afterload of the right ventricle (the pressure
encountered during ejection), and therefore, affects RV function and cardiac output.
Emphasis on PH classification began in 1973 at the World Health Organization
conference and since then, has undergone multiple changes as the appreciation of
the disease and treatment of PH has evolved, resulting in five distinct subgroups of
patients sharing specific features [13—15] (Table 8.2). The effects on the RV in
response to pulmonary hypertension are readily identified on echocardiography.
The adaptations are generally categorized as RV dilation in response to volume
overload (inability to properly move the volume through the pulmonary circuit) and
RV hypertrophy in response to the increase afterload (inability to eject a proper
stroke volume due to increased resistance). Both of these adaptations, when pro-
gressive, lead to RV dysfunction. Additionally, septal wall motion may become
abnormal with a deviation toward the left heart, further contributing to RV dys-
function. An echocardiographic evaluation with particular focus on the right side of
the heart allows both the identification as well as quantification of RV dysfunction.
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Table 8.2 Classification of pulmonary hypertension

Definition pulmonary Clinical group(s)

hypertension (PH)

Precapillary: Group I: Pulmonary arterial Hypertension (PAH) and other
MPAP > 25 mmHg subtypes of PAH

PCWP < 15 mmHg Group III: World Respiratory disease and hypoxemia

Group IV: Chronic thromboembolic pulmonary
hypertension (CTEPH)
Group V: Miscellaneous causes

Postcapillary: Group II: Left heart disease
MPAP > 25 mmHg
PCWP > 15 mmHg

Adapted from McLaughlin et al. [16], Bossone et al. [17]. Mean pulmonary artery pressure
(MPAP); Pulmonary capillary wedge pressure (PCWP)

Right Ventricular Enlargement

The normally thin-walled, crescent-shaped RV allows the RV to be highly com-
pliant, accommodating a large increase in preload to maintain a normal stroke
volume in the early stages of RV dysfunction. Consequently, the initial primary
compensatory mechanism of RV dysfunction often is dilatation that is usually well
tolerated. With progressive dilation, the ability to maintain a normal stroke volume
is lost. Qualitative visual measures are typically used to assess RV chamber size in
the ME four-chamber view. RV size normally occupies two-thirds of the
cross-sectional area in comparison to LV area. Additionally, the LV typically forms
the cardiac apex in this view. With mild enlargement, the RV increases in size to
greater than two-thirds of the LV cross-sectional area; with moderate enlargement,
the RV apex includes both the RV and LV and the cross-sectional areas are equal;
while with severe enlargement, the RV apex completely forms the cardiac apex, and
the cross-sectional area of the RV exceeds that of the LV (Fig. 8.1; Video 8.1).
Additionally two-dimensional measurements of the RV in the ME four-chamber
view can be utilized to assess RV size. The RV basal dimension [measure of the
width of the TV annulus in the ME four-chamber view] ranges from 2 to 2.8 cm
with 4.0 cm as the reference limit of a severely dilated annulus [18]. Longitudinal
measurements from the tricuspid valve plane to the RV apex range from 7.1 to
7.9 cm, with a 9.2 cm measurement indicating a severely dilated RV [19, 20].

Right Ventricular Hypertrophy

Echocardiographic evaluation of RV wall thickness may also serve to evaluate
global RV performance because conditions of RV pressure overload cause
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Fig. 8.1 A midesophageal four-chamber view of a patient with pulmonary hypertension and
severe right ventricular enlargement. Note that the size of the right ventricle (RV) exceeds that of
the left ventricle (LV) and the apex of the heart appears to be formed by the RV. RA right atrium;
LA left atrium

compensatory right ventricular hypertrophy (RVH). This increase in RV myocar-
dial mass is an effort to maintain cardiac output in the presence of increased PVR.

TEE evaluation of RV wall thickness typically assesses the lateral RV free wall
thickness. Normally, the RV is thin-walled with RV free wall thickness (RVWT)
approximately half the wall thickness of the LV, measuring <5 mm at end-diastole.
RVH may be diagnosed when the RVWT is >5 mm, while RVWT exceeding
10 mm is considered severe hypertrophy (Fig. 8.2). The best views to measure the
RV free wall are in the ME four-chamber, ME RV inflow—outflow, or TG RV
inflow views. Measurements of RVWT occur during myocardial relaxation (dias-
tole) and must exclude the epicardial fat layer. Additionally, the moderator band is
usually more prominent in patients with RV hypertrophy and is often visualized
near the RV apex (Fig. 8.3; Video 8.2).
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Fig. 8.2 A midesophageal four-chamber view of a patient with chronic pulmonary hypertension
and resultant right ventricular hypertrophy (green arrow)
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Fig. 8.3 A midesophageal four-chamber view of a patient with severe right ventricular and right
atrial enlargement. A prominent moderator band (green arrow) is present
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Quantitative Assessment of Right Ventricular Function

Right ventricular dysfunction

2D * Right Atrial Enlargement

* Right Ventricular Enlargement and/or hypertrophy
» IAS/IVS shifted toward the left heart

* Underfilled LA and LV

* Decreased TAPSE (M-mode)

* Decreased FAC

CFD * Tricuspid regurgitation
Spectral » TDI: Tricuspid Annular Velocity (S”)

* PASP Estimation
» Hepatic Vein confirmation of TR

IAS Interatrial septum; IVS Interventricular septum; LA Left atrium; LV Left ventricle;
TAPSE Tricuspid annular plane systolic excursion; FAC Fractional area of change; TDI
Tissue Doppler imaging; PASP Pulmonary artery systolic pressure; 7R Tricuspid
regurgitation

A quantitative evaluation of RV global function is more difficult to achieve owing
to its more complex shape [19-21]. Unlike the shape of the LV which allows some
geometrical assumptions (e.g., Simpson’s method of discs), the shape of the RV is
complicated as evidenced by its triangular shape in the ME four-chamber view,
“wrap around” nature in the ME RV inflow—outflow view, and crescent shape in the
TG midpapillary short axis view. Additionally, contraction of the RV differs from
the L'V’s concentric and “piston-like” longitudinal contraction. The RV contracts in
a peristaltic-like manner from the base toward the apex and subsequently the out-
flow tract. The major contributor to RV ejection is the basal contraction, and
therefore constitutes a basis for several methods of quantitative RV analysis. This
complex shape and differing contraction has necessitated surrogate parameters to be
developed and subsequently validated for RV systolic function.

Tricuspid Annular Plane Systolic Excursion (TAPSE)

TAPSE measures the longitudinal movement of the tricuspid annulus toward the
apex during systole. Again the basal contraction of the RV is a large contributor to
RV ejection; therefore TAPSE is a single measurement that extrapolates and esti-
mates global RV function. Normal TAPSE measurement is greater than 17 mm,
therefore, TAPSE values <17 mm are suggestive of RV systolic dysfunction [18].
While often obtained as a visual estimate in noncardiac surgery, measurement of
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Fig. 8.4 a A midesophageal four-chamber view with a green line depicting measurement of the
distance from the tricuspid annulus to the apex in diastole. b A systolic frame from the same
patient with a green line depicting the distance from the tricuspid annulus to the apex. TAPSE is
calculated as the difference of these two measurements
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Fig. 8.5 An M-mode analysis of the lateral tricuspid annular motion in a modified transgastric
right ventricular inflow view. The green arrow on the 2D image depicts the tricuspid annular
motion on the M-mode display. TAPSE is easily measured by the movement of the annulus
between diastole and systole

TAPSE involves measuring along the RV long axis from the lateral tricuspid
annulus to the apex of the RV at end-diastole and end-systole [2] (Fig. 8.4a, b). The
difference in measurements constitutes the TAPSE.

Some of the major limitations of TAPSE include oblique imaging of the RV (TV
motion is often not aligned to the TEE ultrasound signal) and poor endocardial
delineation; both can yield inaccurate measurements. Transthoracic echocardiog-
raphy, in an apical four-chamber view, allows the alignment of the TV annulus to
the echo plane and the use of M-mode to quantify TV motion. The use of a
modified TG RV inflow view (deeper insertion of the TEE probe and an increase of
the multiplane angle by 10-20°) can provide a less oblique angle of TV motion to
the ultrasound probe, allowing the use of M-mode echocardiography (Fig. 8.5).
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RV Fractional Area of Change (RV FAC)

RV fractional area of change is analogous to LV fractional area of change (see
Chap. 4), and also serves as a surrogate measure of right ventricular ejection
fraction (RV EF). TEE assessment of RV FAC is commonly performed in the ME
four-chamber view and is the percentage change in ventricular area between systole
and diastole with a normal value of >35 %. While a RV FAC <35 % indicates RV
dysfunction, values lower than 17 % for RV FAC are suggestive of severe RV
dysfunction [18]. Right ventricular FAC is obtained by tracing the RV endocardium
both in systole and diastole from the annulus, along the free wall to the apex, and
then back to the annulus along the IVS. Care must be taken to exclude trabecu-
lations while tracing the RV area (Fig. 8.6a, b). This measurement correlates well
with RV EF by cardiac magnetic resonance imaging (MRI) [22] Fractional area
change (FAC) is calculated as follows:

FAC = (End Diastolic Area — End Systolic Area)/End Diastolic Area x 100

Tissue Doppler Imaging

Tissue Doppler Imaging (TDI) is a mode of Doppler imaging that utilizes a filter
that removes high velocity, low intensity signals (i.e., blood) and focuses on low
velocity, high intensity signals (i.e., myocardium). When applied to the RV,
measurement of the velocity of the basal RV free wall allows a determination of
peak systolic velocity (S°). After initiation of TDI, a pulsed wave Doppler beam is
placed at the basal RV free wall (near the TV annulus) in either a ME four-chamber
view or a modified TG RV inflow view [23]. Attention to alignment of the motion
of the myocardium to the ultrasound probe is the key to prevent an underestimation
(Fig. 8.7) An RV S’ measurement less than 9.5 cm/s is suggestive of abnormal RV
function [2]. Peak systolic velocity has been demonstrated to correlate well to
RV EF as determined by cardiac MRI [21, 23].

Right Ventricular Myocardial Performance Index (MPI)

The myocardial performance index, also known as the Tei Index, is a global
estimate of both systolic and diastolic cardiac performance of the RV during both
ejecting and nonejecting periods. While not routinely utilized in noncardiac sur-
gery, MPI remains a validated method for assessing RV function. Right ventricular
MPI is defined as the ratio of the total isovolumic time (isovolumetric relaxation
time and isovolumetric contraction time) divided by ejection time (ET) [24, 25].
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Fig. 8.6 a A midesophageal four-chamber view with a green tracing outlining the right
ventricular area in a diastolic frame. b Systolic frame from the same patient with a green tracing
outlining the right ventricular area. FAC is calculated as (RV Diastolic Area—RYV Systolic Area)/
RV Diastolic Area X 100
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Fig. 8.7 Pulsed wave tissue Doppler imaging of the basal right ventricular myocardium in a
modified transgastric right ventricular inflow view. Peak tricuspid annular velocity (S’) is
identified by the green arrow

MPI = (IVRT + IVCT)/ET

The index has been shown to correlate with symptoms and survival and has a
prognostic value in patients with primary pulmonary hypertension [26]. Two
methods may be utilized to obtain RV-MPI including one based on pulsed wave
Doppler of the transtricuspid flow and pulmonic ejection and another method based
on tissue Doppler imaging of the tricuspid annular motion.

Evaluation of the Shape and Motion of the IVS to Assess
Global RV Function

Evaluation of RV geometry serves as a qualitative method to assess for global RV
dysfunction. In the TG midpapillary short axis view, the RV often appears crescent
shaped due to the high LV pressure, causing the IVS to bulge into the lower
pressured RV. However, when RV dysfunction ensues, the compensatory RV
dilation results in flattening of septum and loss of the natural crescent shape of the
RV, yielding a “D-shaped” left ventricular chamber [21] (Fig. 8.8; Video 8.3).
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Fig. 8.8 Transgastric midpapillary short axis view in a patient with right ventricular failure. Note
the shifted interventricular septum (green arrow), which results in a “D-shaped” left ventricle. The
presence of the shifted septum at end-diastole indicates right ventricle (RV) volume overload
whereas at end-systole indicates RV pressure overload

Although RV volume overload and RV pressure overload may occur concomi-
tantly, they may also occur separately. The timing of the septal flattening can allude
to the presence of RV volume overload versus pressure overload. With RV volume
overload, the RV volume is largest at end-diastole, which corresponds to the time of
peak diastolic overfilling (septal flattening at end-diastole). This is opposed to RV
pressure overload where septal flattening occurs at end-systole corresponding to
when RV systolic afterload is at its peak (i.e., the time when RV pressure is the
highest).

Eccentricity index (EI) is an echocardiographic index for measuring the LV
dimensions to differentiate RV volume overload from RV pressure overload [27]. It
is the ratio of LV minor axis (anterior-to-inferior) to its perpendicular axis
(septal-to-lateral) using the TG midpapillary short axis view. In normal individuals,
the LV is round in systole and diastole and the EI has a value of 1. EI value is
greater than 1 when the LV is D-shaped during end-systole in pressure overload,
whereas in volume overload it is greater than 1 during end-diastole. A high El is an
important echocardiographic predictor of mortality in pulmonary arterial
hypertension.
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Right Atrium Adaptation to Chronic Right Ventricular
Pressure Overload

In chronic right ventricular pressure overload, the right atrium adapts to support
active atrial contribution to RV filling, leading to increased atrial distensibility, and
functioning as a reservoir to support the cardiac output. These compensatory
changes play an important role in maintaining cardiac output in the face of
increased RV diastolic stiffness during chronic RV pressure overload [28, 29]. The
normal RA upper reference limit is 4.4 cm and 5.3 cm for major (base to TV
annulus) and minor (septal-to-lateral) axis dimensions, respectively. With chronic
pulmonary hypertension, the RV dilation results in a dilated tricuspid valve annulus
with significant tricuspid regurgitation leading to further RA dilatation.
Interatrial Septum Position also serves as an indicator of right heart function.
With RV failure, the high right-sided pressure is transmitted to the RA, leading to
increasing RA pressure and shifting of the interatrial septum toward the LA. This is
usually more apparent in the ME four-chamber, ME RV inflow—outflow, or ME
bicaval views as septal bowing toward the left atrium throughout the cardiac cycle
can be appreciated (Fig. 8.9; Video 8.4). In patient populations where RA pressures
exceed left atrial pressures, there is an increased incidence of patent foramen ovale

'PATT: 37.0C

Fig. 8.9 Midesophageal four-chamber view in a patient with significant right atrial (RA) dilation
and high right atrial pressure, noted by a shifted interatrial septum (IAS) toward the left atrium. RV
right ventricle
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Fig. 8.10 Midesophageal bicaval view in a patient with a patent foramen ovale and right-to-left
flow on color flow Doppler

(PFO) compared to the estimated 25 % of the adult population. This can lead to
clinically significant right-to-left intracardiac shunting [18]. The shunting may be
detected with echocardiography using color flow Doppler or agitated saline, most
commonly in the ME bicaval view (Fig. 8.10; Video 8.5).

Tricuspid Regurgitation

For many years, the tricuspid valve (TV) was mostly ignored, and only in recent
years has the TV claimed deserved attention. In the majority of patients who have
“functional” TR, increased pulmonary and right ventricular pressures lead to RV
dilation and subsequent TV annular dilatation and leaflet tenting. The result is
worsening regurgitation as the valve leaflets are unable to coapt during systole [30].
In this scenario, the tricuspid leaflets are morphologically without any pathology
but do not coapt adequately. With RV systolic failure, the diastolic pressure rises
and the interventricular septum shifts toward the LV during diastole, which in turn
will raise left ventricular diastolic pressure, further aggravating the TR [31].
Therefore, any patient with a history of PH or evidence of right heart dysfunction
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Fig. 8.11 Midesophageal four-chamber view demonstrating severe tricuspid regurgitation (green
arrow) in a patient with a severely dilated right atrium and right ventricle

deserves an echocardiographic evaluation of the tricuspid valve morphology and
evaluation for the causes of TR.

The trileaflet tricuspid valve is composed of the anterior leaflet, which is the
largest, the posterior leaflet, and the septal leaflet. Several echocardiographic views
are used to visualize the tricuspid valve, including the ME four-chamber, ME RV
inflow—outflow, and modified ME bicaval views, as well as TG midpapillary short
axis view of the RV and TG RV inflow view. There are several methods to assess
the severity of TR; however, the most frequently used modality in the assessment of
TR is the vena contracta measurement, with a value greater than >0.7 cm indicative
of severe TR (Fig. 8.11; Video 8.6). Additionally, a confirmatory method is pulsed
wave Doppler evaluation of the hepatic vein flow pattern. Evaluation of hepatic
vein flow when evaluating TR is analogous to evaluating pulmonary vein flow
when evaluating mitral regurgitation (MR). Similarly, systolic hepatic flow reversal
is specific to severe TR, while blunting of forward systolic flow indicates moderate
TR [18] (Fig. 8.12). To image the hepatic veins, perform a rightward probe rotation
from the transgastric midpapillary short axis view until the liver is centered; sub-
sequent omniplane rotation may be necessary to obtain a hepatic vein with a parallel
orientation to the probe.

The presence of tricuspid regurgitation opens the opportunity to estimate the
degree of pulmonary hypertension. As described in Chap. 3, utilizing the simplified
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Fig. 8.13 Continuous wave Doppler of the tricuspid regurgitation jet in a modified bicaval view.
Applying the modified Bernoulli equation to the peak TR jet (vellow arrow) yields an estimation
of right ventricular and pulmonary arterial systolic pressure

Bernoulli equation (AP = 4v2) the pulmonary artery systolic pressure (PASP) can
be calculated from the peak velocity of the TR jet using continuous wave Doppler.
The peak TR velocity reflects the pressure gradient between the RV and the RA,
and when added to central venous pressure provides an estimate of right ventricular
systolic pressure and PASP. Commonly utilized views for measurement of PASP
are the ME RV inflow—outflow view and ME modified bicaval view (Fig. 8.13).

PASP = 4(TR Jet Velocityz) + estimated RAP

Pulmonary Artery

With long-standing pulmonary hypertension, the chronically increased pressure
within the pulmonary artery will cause dilation beyond the normal diameter of
2.1 cm. Commonly utilized views to evaluate the main pulmonary artery (PA) are
the ME ascending aortic short axis or UE aortic arch short axis views (Fig. 8.14).
A view of the main pulmonary artery allows measurement of RV cardiac output
(CO) which serves as a load-dependent index of global RV systolic function. The



164 D. Banks

PHILIPS TIS0.1 MI 0.5
UCSD Anesthesiology CX7-2t/Adult

FR 50Hz
8.1em

2D
68%
C 50
P Off
Gen

Fig. 8.14 Midesophageal ascending aortic short axis view with slight leftward probe rotation
demonstrates significant pulmonary artery dilation (green arrow)

right-sided stroke volume can be calculated using pulsed wave Doppler in the ME
ascending aortic short axis or UE aortic arch short axis views to obtain the right
ventricular outflow tract (RVOT) or PA velocity time integral and the RVOT or PA
diameter, respectively [32]. Doppler-derived RV CO provides a method to detect
right-sided cardiac output despite the presence of significant TR.

RV CO = [0.785 x (RVOTgiameter)” X VTIryvor| x HR

Echocardiographic Findings in Acute Pulmonary Embolism

Pulmonary embolism (PE) is a potentially fatal condition with mortality ranging
from 40 to 80 % within 2 h of onset [33]. An acute PE causes a sudden increase in
RV afterload, resulting in RV dilation and dysfunction. The acute pressure increase
also displaces the IVS, further contributing to RV failure. Both the decreased
right-sided cardiac output and the septal shift lead to underfilling of the LV.
Massive PE should be considered with the onset of unexplainable severe and
sudden hypoxia or hypotension.
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The most common echocardiographic findings in acute pulmonary embolism are
RV dilatation and RV dysfunction, with preservation of the motility of the apex in
some cases (McConnell’s sign) (see Chap. 11). 90 % of patients with a large
pulmonary embolism will develop ventricular hypokinesis [34]. Other signs are
dilatation of the inferior vena cava with lack of collapse during inspiration, IVS
flattening, and paradoxical systolic motion suggesting right ventricular pressure
overload, and pulmonary artery dilatation together with tricuspid or pulmonary
regurgitation. Patients with an acute PE will have marked prolongation of the
isovolumic contraction time and isovolumic relaxation time, resulting in an
increased RV-MPI over LV-MPI, which helps to differentiate chronic versus acute
pulmonary hypertension of PE. With an acute PE, there is no time for the LV to
adapt and therefore, the LV-MPI does not increase [35]. While observing an acutely
dilated and dysfunctional right heart is suggestive of a pulmonary embolism, it is
not entirely a specific or diagnostic finding. Observation of thromboembolic
material in the right heart (thrombus-in-transit), either in the RA, RV, or PA, is a
diagnostic finding (Fig. 8.15; Video 8.7). However, the contrary holds true:
observation of a normal-sized RA and RV with normal RV function renders the
diagnosis of pulmonary embolism unlikely. A thorough echocardiography exam is
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Fig. 8.15 Midesophageal RV inflow—outflow view demonstrating a thrombus-in-transit (green
arrow) in a patient experiencing a pulmonary embolism
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therefore imperative to observe the effects of acutely increased pulmonary afterload
as well as to directly visualize embolized thrombi within the right heart chambers
and the pulmonary arteries [36].

Conclusion

For many years, the left ventricular physiology overshadowed the study of the right
ventricle. Only recently physicians have recognized the importance of right-sided
function. With advances in echocardiography, new opportunities have emerged for
studying the RV and its effects on patient outcomes. TEE is a helpful tool for the
clinician who faces acutely ill patients and can help in the treatment of these
patients. In the perioperative setting, echocardiography is able to determine which
patient is at highest risk of an adverse outcome by means of evaluation and man-
agement of RV failure.
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Chapter 9
Diastology

Liem Nguyen, MD and Neal Gerstein, MD

Abstract Echocardiography can be used in real time to guide fluid responsiveness and
assess the results of hemodynamic interventions perioperatively. Diastology, the assess-
ment of intraoperative cardiac filling, can be studied by echocardiography using
pulse-wave Doppler modalities. The speed at which blood enters a given chamber can be
used to derive and estimate chamber pressures. There are two main properties that govern
filling in a specific chamber. The first is the ability for the chamber to relax or drop its
pressure. The second property is the ability of the chamber to maintain its compliance as
filling proceeds. Filling abnormalities can be detected on echocardiography, yielding a
spectrum of filling patterns that characterize the various stages of diastolic dysfunction.

Keywords Diastology - Diastolic dysfunction - Diastole « Cardiac filling - Pulse-wave
doppler - Transmitral inflow - Pulmonary venous flow - Tissue doppler index

Introduction

In its simplest form, the study of diastolic function by echocardiography is a means to
measure the speed at which blood moves or travels through the heart during diastole [1—
5]. The pulse-wave Doppler serves as a “radar detector” as it measures the speed of blood
moving through a given chamber. Information on the velocity of blood allows the
echocardiographer to derive or estimate pressures, thus providing a means to measure the
relationship between pressure and volume in a specific chamber of the heart [e.g., left
atrium (LA) or left ventricle (LV)] [1, 4]. Beat to beat data on how the heart fills enables
the anesthesiologist to optimize the determinants of stroke volume and thus, cardiac
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performance. The importance of understanding diastolic filling comes down to the most
basic of concepts: if the heart cannot fill adequately, it cannot eject adequately.

There are two distinct properties that govern the normal filling of the heart. The
first prerequisite to normal filling is an adequate drop or fall in pressure in the
downstream receiving chamber (e.g., pressure drop in the LA or LV) as a result of
the heart’s intrinsic ability to relax. The pressure drop establishes the gradient
necessary to drive blood downhill through the heart. The second property that
governs normal adequate filling is the ability for the heart to fill with volume and
simultaneously maintain a relatively low filling pressure. The heart’s pressure
response to increasing volume is referred to as compliance (AV/AP). Together, the
heart’s ability to relax (adequate pressure drop) and remain compliant (maintain low
pressures despite high volumes) are the two main properties that regulate adequate
filling. It is the presence of inadequate relaxation and/or poor compliance that
characterizes the onset of impaired filling. The hallmark of diastolic dysfunction is
therefore a result of the inability of the heart to relax and/or remain compliant [1, 4].

The echocardiographer uses the pulse-wave Doppler to detect changes or deviations
from normal blood velocity, indicating the presence of an abnormal filling process.
Using Doppler echocardiography, the anesthesiologist may be able to identify a shift
from a normal filling state to an abnormal filling state. This data can then be used to
determine how to improve and correct the filling abnormality [4, 5].

Phases of Diastole

There are four main phases of diastole (Fig. 9.1): Isovolumetric relaxation (IVRT),
early rapid filling, diastasis, and atrial contraction [1, 2, 6].

Pulse-wave Doppler: Flow into the LV

(a)
LV INFLOW PROFILE
LV COMPLIANCE

DIASTASIS

LA-LV
GRADIENT
EfA RATIO > 1

ATRIAL CONTRACTION
Atrial

Mm ] Ea_rl_\r contraction
A-wave filling
E-wave

Fig. 9.1 a Diagram of a normal transmitral inflow profile. After IVRT, the mitral valve opens and
early filling (E-wave) commences, followed by a period of pressure equalization (diastasis), ending
with atrial contraction (A-wave). The peak E-wave velocity is proportional to the LA-LV gradient
while the deceleration time (DT) is dependent on LV compliance. b Pulse-wave Doppler of normal
transmitral inflow. The profile is obtained by placing the point of interrogation just below the
mitral leaflet tips and utilizing pulse-wave Doppler echocardiography
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1. Isovolumetric relaxation
The start of IVRT corresponds to the onset of aortic valve closure. With both the
tricuspid and mitral valves closed, the chamber pressure in both ventricles fall,
creating a gradient to pull blood downward into the receiving ventricle when the
atrioventricular valves are open in the next phase of diastole. This active phase
of relaxation is energetically consuming, with the inactivation of the contractile
apparatus driven by sequestration of Ca®* ions into the sarcoplasmic reticulum.
The pressure drop in the ventricle is the prerequisite for establishing an adequate
atrial-ventricular pressure gradient for normal filling [1, 2].

2. Early rapid filling
As the tricuspid and mitral valves open, early filling of the ventricle commences as
blood is pulled downward into the downstream chamber. Pulse-wave Doppler
interrogation of the blood flowing into the ventricle produces the characteristic
E-wave (velocity of the early filling wave) on the LV or right ventricle (RV) inflow
profile (Fig. 9.1). The peak E-wave velocity is primarily dependent on the LA-LV
gradient. The LA-LV gradient is a function of the large pressure drop in the LV
during the IVRT phase, and not a result of a rise in LA pressure. The deceleration
time (DT) is the time it takes for the atrial and ventricular pressure to equilibrate and
is predicated upon the volume—pressure relationship or compliance (AV/AP) of the
downstream receiving ventricle. That is, the DT is the time for the peak velocity
(E-wave) of blood moving into the ventricle to reach zero [1, 4].

3. Diastasis
Diastasis marks the period in which the atrium and ventricle are in equilibrium
with very little flow moving into either chamber. This period is often truncated
or shortened during higher heart rates (shorter time in diastole) and is more
prolonged during lower heart rates.

4. Atrial contraction
Atrial contraction (A-wave) occurs at the latter stage of diastole and corresponds
to the p-wave on the electrocardiogram. The atrial contraction or “atrial kick”
mechanism transiently increases the atrial pressure and generates a “push” of
blood into the receiving ventricle. The velocity of blood being “pushed”
downward into the ventricle is described by the peak A-wave velocity. Diastole
is finally complete when the atrioventricular valves close [1, 4].

Assessment of Chamber Filling: Pulse-Wave Doppler
Echocardiography

Transmitral Inflow: Measuring Flow into the Left Ventricle

The LV or transmitral inflow profile (Fig. 9.1) is obtained with pulse-wave Doppler
echocardiography by setting the point of interrogation just below the leaflet tips of
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the mitral valve in the midesophageal 4-chamber view at zero degrees [1, 2, 4, 6].
This modality measures the velocity of blood traveling from the left atrium to the
ventricle during the early filling phase of diastole. In other words, it is a mea-
surement of how fast blood enters the LV. The speed at which blood enters the LV
is primarily dependent on the LA-LV gradient (Fig. 9.1), which under normal
conditions is a result of LV relaxation. As in any Doppler assessment, it is essential
to align the pulse-wave Doppler parallel to the direction of blood flow to obtain the
most accurate results. The normal LV filling pattern (Fig. 9.1) is described by a
higher velocity E-wave (early filling), a period of diastasis (equilibrium), and a
lower velocity A-wave (atrial contraction and late filling). The higher velocity
E-wave is a consequence of the larger LA-LV gradient during the initial mitral
valve opening. By contrast, at late diastole, the gradient between the LA-LV
gradient is smaller due to the almost filled LV (from the early filling phase),
resulting in a lower velocity A-wave. The end result is an E-wave velocity that is
~ 1.5 times greater than the A-wave velocity or E/A ratio of ~1.5:1.0. The DT
marks the time for the peak E-velocity to reach baseline (zero velocity) and defines
the time it takes for the LA and LV pressures to equilibrate. The DT mathematically
describes how long the early filling occurs before diastasis begins and is a measure
of LV compliance (Fig. 9.1). A short DT signifies a truncated filling period where
the mitral valve opens and flow ceases quickly due to rapid atrial-ventricular
pressure equilibration often from poor ventricular compliance. Normal deceleration
times indicate that the early filling occurs longer and may represent adequate
ventricular filling and compliance [1, 4, 5].

Pulmonary Venous Flow: Measuring Flow
into the Left Atrium

LA inflow or pulmonary venous flow can be measured by placing the pulse-wave
Doppler point of interrogation into the left or right upper pulmonary vein [1, 2, 6].
The point of interrogation is placed approximately one centimeter into the pul-
monary vein near the entry point of the left atrium. The resulting velocity profile
(Fig. 9.2) consists of higher velocity systolic wave (S-wave) and lower velocity
diastolic wave (D-wave). The higher velocity S-wave is a result of active left atrial
relaxation promoting a larger gradient for forward flow from the pulmonary veins
into the left atrium during early systole. As the mitral valve opens during early
diastole, forward flow from the pulmonary veins travels downhill into the LA and
eventually into the LV, corresponding to the D-wave on the LA inflow profile. The
higher velocity S-wave is often affected by either the inability of the left atrium to
relax adequately and/or an increase in left atrial pressure. Accordingly, a blunted or
reduced S-wave velocity is often a marker of an abnormality of left atrial relaxation
and/or compliance (Fig. 9.2) [4].
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Fig. 9.2 a Left atrial filling or pulmonary vein flow profile obtained by placing point of
interrogation ~ 1 cm into the left upper pulmonary vein near the entry of the left atrium. b Left
atrial filling or pulmonary vein flow profile consists of a higher velocity and more dominant
systolic (S-wave) component and a lower velocity diastolic (D-wave) component. ¢ The blunted
S-wave velocity is a result of a poor left atrial relaxation and/or a rise in LA pressure
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Tissue Doppler Imaging: Measuring the Velocity
of Myocardial Tissue

During the first stage of diastole, IVRT results in a net drop in LV pressure creating a
downhill pressure gradient. During this period of LV relaxation, the lateral aspect of
the mitral annulus and atrial myocardium moves upward (the LV is “snapping open”).
The direction, movement, and velocity of the atrial myocardium-mitral annulus can
be measured using tissue Doppler imaging [1, 4, 7, 8]. Tissue Doppler imaging is a
mode of spectral Doppler with the filter simply reversed. Doppler evaluation of blood
flow utilizes a filter to remove slow moving bright echoes (i.e., tissue) to focus on fast
moving low echoes (i.e., blood). Tissue Doppler inverses the filter to focus on the
velocity of slower moving bright echoes, the tissue velocity and filters out the faster
moving lower echoes, the blood. Analogous to measuring the velocity of blood
moving across the mitral valve, pulsed-wave tissue Doppler interrogation can be
utilized to measure the velocity of myocardial tissue, or specifically, the translational
movement of the atrial myocardium or mitral annulus during diastole.

The tissue Doppler profile (Fig. 9.3) of the lateral mitral annulus-atrial myo-
cardium is described by two positive deflections, a positive signal in early diastole,
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Fig. 9.3 Tissue doppler interrogation measuring the upward velocity of the atrial myocardium
and mitral annulus during diastole. The e’-wave corresponds to ascension of the atrial myocardium
and mitral annulus during IVRT. The a’-wave corresponds to movement of the myocardium just
before atrial contraction
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carrying the designation of e’ (e prime), and another wave in late diastole with the
designation of a’ (a prime). The onset of the e’-wave occurs just before the mitral
valve opens and represents the rate of relaxation of the myocardium during the
isolumetric relaxation period (IVRT). The e’-wave velocity is therefore an index of
myocardial relaxation. The tissue Doppler e'-wave velocity (normally ~ 10—
12 cm/s) is much lower than the LV inflow E-wave velocity (~50-100 cm/s) of
blood during early diastole, with a normal E/e’ ratio of <8 [7]. An e’-wave velocity
of less than 10 cm/s is abnormal and suggests that impaired myocardial relaxation
is present [7]. The a’-wave represents upward motion of the atrial myocardium and
lateral annulus just before atrial contraction [1, 4].

Stages of Diastolic Dysfunction: From Mild to Severe
Dysfunction (Table 9.1)

Diastolic Dysfunction

2D * Left Ventricular Hypertrophy

* Left Atrial Enlargement

* Secondary right heart dysfunction from pHTN
CFD * Typically not utilized

Spectral * Assess severity

— PWD: Mitral Inflow

— PWD: Pulmonary Venous Inflow

— TDI: Mitral Annular Velocity

pHTN Pulmonary hypertension, PWD Pulsed-wave Doppler, TDI Tissue Doppler imaging

The term diastolic dysfunction encompasses a spectrum of abnormal filling stages of
increasing severity (Fig. 9.4) [1, 2, 4, 6]. On the other hand, the term diastolic heart
failure describes a state of decompensation due to diastolic dysfunction as a result of
redistribution of fluid into the pulmonary venous system despite a normal ejection
fraction [3, 4]. At the left side of the spectrum, the mildest stage of diastolic dysfunction
is designated as impaired relaxation, which is characterized by the inability of the
ventricle to adequately relax or drop its pressure. The next stage of the spectrum is
designated as pseudonormalization, which is a moderate or intermediate stage of
diastolic dysfunction characterized by the presence of impaired relaxation and a com-
pensatory elevation in left atrial pressure. The final and most severe stage of diastolic
dysfunction is referred to as the restrictive form. The restrictive form is manifested by
the presence of impaired relaxation, elevated LA pressures, and elevated LV pressures
(from poor compliance) [1, 4, 5].
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Table 9.1 Stages of diastolic dysfunction
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Impaired Relaxation

The inability of the LV to relax marks the first stage of diastolic dysfunction and is
referred to as impaired relaxation [1, 4, 6]. In this mild form of diastolic dys-
function, isolated impaired relaxation of the ventricle is present in the setting of
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normal LA and LV compliance. Due to a smaller drop in LV pressure (smaller AP/
AT), the LA-LV gradient is decreased leading to a reduction in the velocity and
amount of blood moving into the ventricle during early filling (reduced E-wave
velocity). As less blood fills the LV during the early filling phase, more volume is
left in the LA during diastasis. The increased residual LA volume leads to a larger
LA-LV gradient during late diastole, corresponding to a higher A-wave velocity
and greater dependence on atrial contraction (~30-40 % contribution vs. ~20—
30 %) for adequate filling. In the earliest stage of diastolic dysfunction, impaired
LV relaxation results in a decrease in the E-wave velocity and an increase in the
A-wave velocity (E/A ratio <1 or E to A reversal, Fig. 9.4).

Pulsed-wave tissue Doppler interrogation of patients with impaired relaxation
generally show reduced myocardial tissue velocity signals (<10 cm/s) of the lateral
mitral annulus or atrial myocardium. This corresponds with an impaired ability of
the atrial myocardium-mitral annulus to move upward during LV relaxation.
However, since the LA pressures are normal in impaired relaxation, the velocity of
blood flowing into the LA remains normal, as evidenced by a normal left atrial
inflow pattern (S-wave dominant, Fig. 9.2). In summary, impaired relaxation is
characterized by a decreased E-wave velocity, increased A-wave velocity, abnor-
mal tissue Doppler velocities (<10 cm/s), in the presence of normal LA and LV
compliance [1, 4].

Pseudonormalization: Impaired Relaxation
and Elevated LA Pressure

The moderate or intermediate stage of diastolic dysfunction can be simplified by
superimposing the presence of elevated left atrial pressures onto a background of
poor LV relaxation. This defines the transition of the impaired relaxation stage to
the next stage of diastolic dysfunction, designated as pseudonormal. The increase in
left atrial pressure in the setting of impaired relaxation generates a reduction or
blunting of the S-wave velocity (Syeiocity < Dyelocity) in the left atrial inflow (pul-
monary venous flow) Doppler profile. As a result of poor left atrial relaxation and/or
a rise in LA pressure, the pressure gradient dictating forward flow from the pul-
monary veins into the left atrium is reduced, yielding a diastolic (D-wave) dominant
profile (Fig. 9.2) [1, 4]. The additional increase in LA pressures (larger LA-LV
gradient) in the setting of impaired relaxation (E < A) produces an increase in the
E-wave velocity, resulting in reversal and therefore, normalization of the E and A
transmitral velocities (E > A). The resulting “pseudonormal” E > A pattern and
systolic blunting of the left atrial inflow profile are the defining characteristics of
this intermediate stage of diastolic dysfunction. Furthermore, as the pseudonormal
stage combines impaired relaxation and the presence of elevated LA pressures,
tissue Doppler interrogation of the atrial myocardium and mitral annulus is
abnormal (<10 cm/s), consistent with an LV relaxation defect. In summary, the
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pseudonormal stage of diastolic dysfunction is an intermediate stage characterized
by impaired relaxation and elevated LA pressures. Accordingly, the distinguishing
features of the pseudonormal stage are the presence of abnormal myocardial
velocities (<10 cm/s) and blunted S-wave velocities (diastolic dominance) on tissue
Doppler imaging and left atrial inflow, respectively [1, 4].

Restrictive: Impaired Relaxation, Poor LV Compliance,
Elevated LA and LV Pressures

The progression from pseudonormal to the most severe or restrictive stage of diastolic
dysfunction is marked by the addition of poor LV compliance on the background of
impaired relaxation and elevated LA pressures. The restrictive stage features the
addition of a stiff and noncompliant LV in the setting of already present impaired
relaxation and high LA pressures [1, 4, 6]. Marked elevations in LV pressure from poor
LV compliance result in restricted LV filling and a major redistribution of volume to
the left atrium. The large left atrial volume thus provides the basis for pulmonary
venous congestion and symptomatic diastolic heart failure. Marked elevations in LA
volume and pressure generate a much larger LA-LV gradient and faster E-wave
velocity (E > A) during early filling compared to normal (Fig. 9.4). In addition, as
the pressure in the LA rapidly increases, the mitral valve is forced open before the
LV can adequately relax. The velocity of blood moving into the LV is very fast as
the elevated LA pressure forces the mitral valve open and pushes blood downstream
into the LV. However, the overall volume of filling is extremely restricted as the LV
pressures rise abruptly and rapidly equalize with the LA, generating a very short DT
(time from peak E-wave velocity to zero). The end result is a small and quick
“pulse” of volume that is delivered to the LV as the filling rapidly begins and ends
during the early filling phase. After a period of diastasis, the elevated LV pressures
are not conducive to late filling, resulting in a very small or negligible A-wave
velocity during atrial contraction. This provides the basis for the unique pattern of a
very fast E-wave, low velocity A-wave (E3>A, or E/A > 2), and short DT
(DT < 150) on the LV inflow or transmitral profile (Fig. 9.4) [1, 4, 6].

Clinical Implications of Diastolic Dysfunction: Real-Time
Measurements

Pulsed wave Doppler allows the echocardiographer to measure the velocity of
blood moving into a given chamber. This is the main clinical value of diastology. It
confers the echocardiographer the ability to evaluate how the heart fills and
responds to volume on a beat-to-beat basis [9]. This modality allows the clinician to
identify which patients are at risk of developing heart failure [4], providing the
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foundation to optimize hemodynamics and cardiac performance in high risk
patients [4, 10]. For example, in patients with impaired relaxation (i.e., E/A reversal
or E/A ratio <1) and normal LA and LV pressures, the A-wave, or “atrial kick”
component plays a larger role in LV filling compared to a normal profile. An
increase in left atrial pressure with fluid therapy will therefore improve LV filling.
Taken together, this early stage of diastolic dysfunction may be improved by
maintaining a slow sinus rhythm, allowing more time for the LV to relax and fill,
and by gentle administration of fluid to increase the LA-LV gradient [4].
Medications that may enhance LV relaxation such as milrinone, nitroglycerin, or
levosimendan may also improve the relaxation abnormality and augment LV filling
[4, 11-13]. On the other end of the spectrum, patients with a severe restrictive
pattern with poor compliance and marked elevations in LA and LV pressures
display a fixed end diastolic volume and stroke volume. In this case, slower heart
rates may actually compromise cardiac output, whereas relative tachycardia may be
more beneficial [1, 4]. Additionally, the elevated left ventricular end diastolic
pressure (LVEDP) observed in patients with a restrictive pattern may necessitate an
equivalent rise in aortic pressure to optimize coronary perfusion. Judicial use of
diuretics may also be warranted as marked elevations in LA and LV pressure
portends a greater risk of developing heart failure. Patients with a restrictive pattern
may therefore benefit from relative tachycardia, higher aortic pressures, and
avoiding further increases in LA or LV pressure [4]. The dynamic spectrum of
diastolic dysfunction can be appreciated in the operating room (Fig. 9.4) [4, 7-10].
A patient with a pseudonormal pattern of filling may be pushed to the right of the
spectrum and progress to a restrictive form following a fluid bolus, sudden decrease
in coronary perfusion pressure, or acute onset valvular regurgitation. On the other
hand, a patient with a restrictive pattern may improve and move to the left of the
spectrum after hemodynamic optimization with diuretic therapy, careful initiation
of inotropic therapy, and an increase in coronary perfusion pressure. Patients
demonstrating impaired relaxation may benefit from slight increases in LA pressure
and are therefore more fluid responsive compared to pseudonormal or restrictive
patterns (Fig. 9.4). An impaired relaxation pattern may be moved to the left of the
spectrum by the administration of nitroglycerin or a lusitropic agent to improve
relaxation and b-blockers to increase diastolic filling by maximizing early filling
and atrial kick [4].

Doppler analysis of flow into the left ventricle or left atrium can also be indi-
vidually performed to estimate changes in LV or LA filling pressures to optimize
intraoperative hemodynamics as well. Using this approach, targeting a specific
filling abnormality can be exploited to optimize cardiac output in real time
(Fig. 9.5) [4, 9, 10]. By taking serial measurements of the velocity of blood moving
into the left ventricle and obtaining an LV inflow profile before and after a thera-
peutic intervention, the clinician can track changes in the peak E-wave velocity,
A-wave velocity, or deceleration times. For example, if the DT shortens after
multiple fluid boluses, this suggests a right shift (Fig. 9.4) to a less fluid responsive
state or less compliant portion of the starling curve. Similarly, flow into the left
atrium and the left atrial inflow profile can detect changes in left atrial pressure after
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(a) LV RESPONSE TO FLUID

(b)
LEFT ATRIAL RESPONSE TO FLUID
s

Systolic
Blunting Ar

Fig. 9.5 a LV inflow profile at baseline (black line) and after a fluid challenge (red dashed line)
demonstrating an increase in the peak E-wave velocity and shortening of the DT, corresponding to
an increase in LA pressure and poor LV compliance. b LA inflow profile before (black line) and
after (red line) a fluid challenge demonstrating systolic blunting and an increase in LA pressure

fluid administration. A normal left atrial inflow pattern exhibiting an S-wave
dominant pattern (S > D) indicates normal left atrial pressures. If the S-wave begins
to blunt and a D-wave dominant pattern (S < D) emerges after a fluid bolus, a rise
in left atrial pressure is the likely cause of the change in the left atrial inflow profile
(Fig. 9.5). A sudden increase in LA pressures signifies a shift to a less fluid
responsive state and carries a greater risk of pulmonary congestion [9, 10].

The use of intraoperative echocardiography assisted hemodynamic management
may confer additional advantages when compared to traditional static indices of
chamber filling pressures [9, 10, 14]. One of the main advantages of intraoperative
echocardiography is the ability to estimate the filling pressures of the left side of the
heart and combine the data with stroke volume measurements by echocardiography
or by other modalities [9, 10, 14]. The other main advantage of Doppler
echocardiography is the ability to easily and repeatedly measure flow velocities and
chamber pressures in real time. In a few studies, dynamic markers of LA and LV
filling by echocardiography have been shown to be a viable alternative to con-
ventional catheter-based techniques to measure intracardiac filling pressures. The
use of intraoperative echocardiography-guided hemodynamic management was
shown to reduce the amount of overall fluid administration when compared to the
control group in one study [9]. At present, the ability to monitor dynamic indices of
cardiac performance in real time to optimize hemodynamics is thoroughly lacking.
With further study, spectral Doppler ultrasound has the potential to be an excellent
dynamic cardiovascular monitor.
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Chapter 10
Thoracic Aorta

Timothy M. Maus, MD, FASE

Abstract The close proximity of the esophagus to the thoracic aorta provides an
excellent imaging opportunity. Transesophageal echocardiography (TEE) serves an
important role in several important pathologies including aortic dissection, aortic
aneurysms, aortic atheromatous disease, and aortic trauma. A thorough under-
standing of the use of TEE in evaluating the thoracic aorta including normal and
pathologic presentations is essential to the basic perioperative echocardiographer.
However, knowledge of the limitations of the modality is also key to appropriate
patient management and preventing mismanagement.

Keywords Thoracic aorta - Aortic dissection « Aortic aneurysm - Atheromatous
disease - Plaque - Blunt aortic trauma

Introduction

Basic perioperative transesophageal echocardiography (TEE) guidelines suggest
that knowledge of echocardiographic manifestations of lesions of the great vessels
is a necessary training objective. Therefore, a thorough understanding of the use of
TEE in evaluating the thoracic aorta including normal and pathologic presentations
is essential to the basic perioperative echocardiographer. This chapter will review
the essential views for evaluating the thoracic aorta, including potential pitfalls and
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review the major aortic pathologies of aortic dissection, aortic aneurysms, aortic
atheromatous disease, and thoracic aortic trauma.

TEE: Aortic Views

The immediate proximity of the esophagus to the thoracic aorta allows excellent
imaging and superior subsequent detection of disease states. The aorta is a
three-layered structure, with intimal, medial, and adventitial layers, that extends
from the heart immediately beyond the aortic valve through the transverse aortic
arch and descends towards the lower extremity vessel branches. It is described as

having five anatomical sections (Fig. 10.1):

Fig. 10.1 Diagram of the
entire aortic vascular system
include its five anatomical

Left common
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p Left subclavian

components: / aortic root; 2 Innominate artery
tubular ascending aorta; 3 artery
aortic arch; 4 descending Ascardn Arch
thoracic aorta; 5 abdominal g

. aorta
thoracic aorta

Aortic root
Descending

thoracic aorta

Diaphragm

Abdominal
aorta

Common
iliac artery
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1. Aortic root which extends from the aortic valve to the sinotubular junction
(which connects the root to the ascending tubular aorta). The aortic root contains
three sinuses of Valsalva, two of which contain the left and right coronary artery
ostia.

2. Tubular ascending aorta which extends from the sinotubular junction to the
aortic arch.

3. Aortic arch which is the transverse portion of the aorta with typically three great
vessel branches: innominate artery, left common carotid, and left subclavian
artery.

4. Descending thoracic aorta which extends from the left subclavian artery takeoff
to the diaphragm.

5. Abdominal thoracic aorta which continues from the diaphragm to the lower
extremity branch points.

As described above, the proximity of the esophagus to the aorta provides
excellent views, however, limitations do exist. Because the trachea and left main
bronchus are interposed between the esophagus and aorta creating significant
air-related artifact, imaging of the distal ascending aorta and proximal arch is often
challenging or impossible (Fig. 10.2). Alternative echocardiographic approaches to
imaging this region include transthoracic echocardiography (TTE), epiaortic imag-
ing intraoperatively with an opened chest or the use of saline-filled balloons placed
in the trachea. However, each of these techniques is beyond the scope of this text.

The relationship of the esophagus to the aorta changes from cranial to caudal. The
esophagus is posterior to the aorta at the cranial aspect near the arch, however, the
structures twist on themselves such that the esophagus is anterior to the aorta at the
gastroesophageal junction. This makes description and location of pathology diffi-
cult because the echocardiographic imaging demonstrates a normally circular shape
throughout the entire descending thoracic aorta (Fig. 10.3). The anterior, posterior or
lateral nature of a lesion thus cannot be accurately identified. Lastly, when entering
the stomach, the probe enters the intraperitoneal space, while the aorta continues into
the retroperitoneal space. Therefore, the probe is no longer opposing tissue near the
aorta and thus, the abdominal aorta is not consistently imaged.

Fig. 10.2 Diagram of the Esophagus
distal ascending aorta, aortic Trachea
arch, and proximal

descending thoracic aorta Brachiocephalic
including its anterior artery
relationship to the esophagus
with the trachea interposed

Left common
carotid artery

Left subclavian
artery
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Fig. 10.3 Diagram of the
thoracic aorta in relation to
the esophagus. Note when
cephalad the esophagus is
positioned posterior to the
aorta, however, when moving
caudally the esophagus moves
to an anterior position relative
to the descending thoracic
aorta. (E, esophagus)

25 cm

The TEE views of the aorta can largely be separated into a short and long axis
view of each segment of the visible thoracic aorta (Table 10.1). When discussing the
thoracic aorta, one must consider the aortic valve as disease of the aorta may affect
the aortic valve and vice versa. The short and long axis views of the aortic valve
provide an opportunity to evaluate the number, quality, and function of leaflets, to
make appropriate measurements of the left ventricular outflow tract (LVOT), aortic
valve annulus, and sinotubular junction, as well as to identify pathology such as
aortic dissection or aneurysmal disease. The addition of color flow Doppler aids in
the detection of valvular dysfunction. Withdrawing and advancing the probe at zero
and ninety degrees of multiplane allows the short and long axis examination,
respectively, of the tubular ascending aorta. Obtaining the aortic arch views is easily
obtained by rotating the echocardiography probe to the left until the circle shaped
descending thoracic aorta is identified and subsequently withdrawing the probe until
the oval shaped long axis of the aortic arch is obtained. Increasing the multiplane
angle to ninety degrees develops the short axis of the aortic arch. Of note, most
commonly the left subclavian artery takeoff is identified on the right side of the
screen with the innominate vein noted distally. The left subclavian artery takeoff is
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Table 10.1 Transesophageal aortic views

187

Structure Short axis Long axis

Aortic valve

ME AV LAX

Y

Ascending aorta

ME asc aortic LAX

A ,.

Aortic arch

UE aortic arch SAX UE aortic arch LAX

N’ N

Descending aorta

Desc aortic SAX Desc aortic LAX

an important structure for location identification in the descending aorta. As
described above, determining location of pathology in the descending aorta is dif-
ficult. Therefore, most commonly the distance from the left subclavian artery takeoff
to the pathology is used to communicate location. This technique is also utilized to
properly place an intra-aortic balloon pump (IABP) within 1-2 cm distal to the left
subclavian. Advancing the probe in both a zero and ninety degree multiplane
develops the short and long axis views of the descending thoracic aorta, respectively.
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Aortic Dissection

Aortic Dissection

2D * Large undulating mobile flap within aortic lumen

* Ensure flap not due to imaging artifact

« Differentiate true versus false lumen

* SEC or Thrombus in false lumen

* Presence of Pericardial or Pleural effusion

* Coronary Artery Involvement (Wall Motion Abnormality)

CFD * Differential flow patterns (true lumen = laminar; false lumen = sluggish)
* Presence of Aortic Insufficiency

Spectral « Evaluation of Aortic Insufficiency

Aortic dissection is typified by bleeding within the medial layer of the aorta, most
commonly due to intimal tearing and separation. Propagation of bleeding within this
layer separates the intima from the surrounding adventitial layer, yielding the classically
identified dual lumen appearance. The true lumen contains blood within the natural
aortic lumen while the false lumen is created by the force of blood ejecting through the
intimal tear into the medial layer and contained by the adventitial layer.

This pathology carries a significant risk of morbidity and mortality with a 1-2 %
increased mortality per hour until definitive treatment [1]. Therefore, prompt
diagnosis is of the utmost concern. Patients at risk for developing an aortic dis-
section include those with long standing hypertension, smoking, and connective
tissue disorders [2]. Common associated diseases include Marfan’s syndrome,
Ehlers—Danlos syndrome, bicuspid aortic valve, and coarctation of the aorta.

Two classification systems exist for classifying aortic dissections, DeBakey and
Stanford [1]. The Stanford system nicely separates involvement of the ascending
aorta into Stanford A, which is a surgical emergency, while Stanford B involves the
descending thoracic aorta below the left subclavian artery takeoff. Stanford B
dissections without complicating ischemia (paralysis, mesenteric ischemia, etc.) are
often treated medically. The DeBakey system divides aortic dissections into three
types: Type 1 involves the ascending and descending aorta, Type 2 involves the
ascending aorta only, while Type 3 involves only the descending aorta below the
left subclavian artery takeoff.

As mentioned above, prompt diagnosis is of paramount importance in such
patients to reduce morbidity and mortality. The historical gold standard involves
angiography and the demonstration of contrast exiting the true lumen into the false
lumen. The time consuming process and increased risk of contrast-induced
nephropathy has reduced this practice, being replaced by Helical CT and MRI. The
downside of each of these modalities is the continued need for patient transport as
well as being potentially time consuming. TEE provides a mobile modality with
excellent sensitivity and specificity in the detection of aortic dissections. Shiga et al.
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demonstrated that TEE has a sensitivity of 98 % and specificity of 95 % and is
comparable to helical CT or MRI [3]. Therefore, patients who are hemodynamically
unstable and unable to be transported to an imaging suite may be evaluated by TEE
in the emergency room, intensive care unit or operating room.

The echocardiographic approach to an aortic dissection involves confirming the
presence and the location of a dissection flap as well as potentially identifying
intimal tear entry/exit sites, differentiating true versus false lumen, and identifying
complicating pathologies such as aortic insufficiency, pericardial and pleural effu-
sions, coronary artery involvement and ventricular dysfunction. Of note, the current
basic perioperative TEE consensus statement suggests that in the setting of complex
pathology such as an aortic dissection, appropriate consultation with an advanced
echocardiographer or other imaging modality is indicated [4].

Dissection Flap Identification

Identification of the intimal flap is the cornerstone of the aortic dissection diagnosis.
Typically the intimal flap is noted as a thin, undulating mobile structure that is
entirely contained within the lumen of the aorta. Multiple multiplane angles should
be utilized to ensure that there is a flap present, representing the separation of the
true from false lumens (Figs. 10.4 and 10.5; Videos 10.1 and 10.2). With the
cardiac cycle, systolic ejection into the aortic lumen causes true lumen expansion
while delayed entry of blood through the intimal tear into the false lumen causes
delayed filling with sluggish or no flow. This cycling of expansion leads to the

FR 50Hz
12em

o 128 mo

Fig. 10.4 Midesophageal aortic valve long axis view with the probe slightly withdrawn to
demonstrate more of the tubular ascending aorta. The red arrow points to a calcified aortic valve while a
green arrow indicates the undulating intimal flap within the aortic lumen (LA left atrium; Ao Aorta)
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Fig. 10.5 Midesophageal view of ascending aorta developed by a slow withdrawal of the probe
from an aortic valve short axis. The green arrow points to a true lumen with noted rapid early
systolic flow while the red arrow indicates the false lumen with little to no flow demonstrated on
color flow Doppler (LA left atrium; PA main pulmonary artery)

undulating mobile appearance of the intimal flap. Discussed below, the differential
flow patterns may be detected with color flow Doppler to aid in identifying true
versus false lumens. In addition to identifying the presence of the intimal flap,
describing the location and extent of the dissection is important. Location within the
ascending aorta or aortic arch denotes a surgical emergency. Dissection through
adjacent structures or branches such as the coronary arteries, great vessels, or aortic
valves may also necessitate prompt surgical repair.

Echocardiography may also identify not just the presence of an intimal flap but
also the intimal tear site. The tear displays as an opening or communication in the
intimal flap with color flow Doppler documenting the presence of flow from the true
to the false lumen (Fig. 10.6; Video 10.3). When a tear site is identified in the
ascending aorta near the aortic valve, flow may be bidirectional between the true
and false lumens because of pressure differentials near the aortic valve during
systole and diastole. During systolic ejection, flow and pressure is higher in the true
lumen with flow from true to false lumen through the tear site. During diastole,
particularly with associated aortic insufficiency, the pressure is temporarily higher
in the false lumen with a return of flow to the true lumen (Fig. 10.7; Video 10.4).

Care must be taken when diagnosing intimal flaps as imaging artifacts which,
particularly in the ascending aorta, may appear as linear densities within the aortic
lumen. Side lobe artifacts involve weak ultrasound beams emanating off axis from the
main imaging plane and returning from strong reflectors to the ultrasound probe. A not
infrequent occurrence is a side lobe reflection from an off-plane central line or pul-
monary artery catheter displayed as a linear echogenic density in the ascending aorta
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Fig. 10.6 Upper esophageal aortic arch short axis view in a patient with an acute aortic arch
dissection. The red arrow points to the tear site in the intimal flap. The green arrow indicates the
left subclavian artery takeoff which branches from the false lumen and has compromised flow (Ao
Aorta; FL False Lumen)

Fig. 10.7 Midesophageal ascending aortic short axis view in a patient with an ascending aortic
dissection. The green arrow indicates the tear site in the intimal flap with systolic flow
demonstrated from the true lumen into the false lumen (Ao ascending aorta)

in the midesophageal ascending aortic short axis view (Fig. 10.8; Video 10.5a, b).
Again it is emphasized that except in emergency situations, current consensus state-
ment suggests that a basic echocardiographer consult an advanced echocardiographer
when evaluating aortic dissections to confirm the diagnosis.
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Fig. 10.8 a Midesophageal ascending aortic short axis view in a patient with a side lobe artifact.
The red arrow indicates the superior vena cava. The green arrow indicates a side lobe artifact from
a large out of plane specular reflector such as a central line or pulmonary artery catheter. This
linear density in the ascending aorta may be confused with an aortic dissection. b Midesophageal
ascending aortic long axis view of the same patient. The red arrow points to the right PA which
contains a PA catheter. The green arrow points to a side lobe artifact which may be confused for
an aortic dissection (Ao Ascending Aorta; PA pulmonary artery)

Differentiating True from False Lumens

The ability to differentiate true from false lumens serves to confirm the presence of
an aortic dissection, rule out imaging artifacts, and in the case of aortic surgery,
allow the confirmation of surgical repair (lack of false lumen flow post repair).
There are several characteristics of true and false lumens that are fairly common:
size, shape, systolic motion, and type or presence of flow (Table 10.2).
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Table 10.2 Echocardiographic differentiation of aortic dissection true and false lumens

True lumen False lumen
Smaller Larger
Round Irregular
Systolic expansion Systolic compression
Early laminar flow Late turbulent flow
+/— Spontaneous contrast
+/— Thrombus

On two-dimensional echocardiography, the true lumen is often the smaller and
round shaped lumen while the false lumen tends to be the larger, irregular shaped
structure. The larger false lumen is often crescentic (“moon-like”) with concavity
towards the true lumen. Systolic motion, as described above, involves the expan-
sion of the true lumen with systolic ejection. Since the false lumen has delayed
flow, the structure will compress during systole (Fig. 10.9; Video 10.6a, b).
M-mode echocardiography may aid in identifying which structure is expanding
during the systolic portion of the cardiac cycle. Lastly, color flow Doppler may be
useful in differentiating where true lumens have early systolic laminar flow while
false lumens have late systolic turbulent flow. False lumens contain such sluggish
flow that spontaneous echo contrast or frank thrombus may be identified.

Identifying Complicating Pathologies

The proximity of the aorta to several other anatomical structures as well as the
dependency of the branch vessels on an intact aorta allow an aortic dissection to
wreak havoc beyond just the damaged vessel itself. An advantage of TEE over
other modalities includes its ability to evaluate surrounding structures and the effect
of a dissection on those structures. As described above, the aortic valve is intimately
connected to the aorta such that an aortic dissection may yield significant aortic
valve dysfunction (Fig. 10.10; Video 10.7a, b). There are several mechanisms by
which an ascending dissection may cause aortic insufficiency, such as the mobile
flap itself impeding valve closure or the large false lumen causing annular dilation
or distortion and subsequent malcoaptation. A detailed evaluation of the mechanism
is important in determining the need for concomitant valve replacement during
aortic surgery, however this analysis is beyond the scope of this text.

In a normal state, the three layers of the aortic wall (intima, media, adventitia)
contain the blood within the aortic lumen. During an aortic dissection, blood in the
false lumen is now only contained by the adventitial layer, allowing a transudative
process to leak into the surrounding spaces, such as the pericardial or left pleural
space. An inflammatory component also appears to play a role in the development of
pleural effusions [5]. Pericardial effusions are noted as an echolucent area surrounding
the heart or great vessels in nearly any view but commonly the midesophageal four
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Fig. 10.9 a Descending thoracic aortic short axis view in a patient with an aortic dissection. The
red arrow indicates the true lumen. The green arrow indicates the false lumen which contains
spontaneous echo contrast. Note the large left sided pleural effusion (LPE). b Descending thoracic
aortic short axis view with color flow Doppler in a separate patient with an aortic dissection. The
green arrow indicates laminar flow in the true lumen and the red arrow indicates the false lumen
with sluggish flow

chamber or transgastric short axis views. Determining tamponade physiology is
discussed in the Rescue Echo chapter (See Chap. 12). Left sided pleural effusions are
noted as an echolucent area anterior to the descending thoracic aorta in the descending
aortic short axis view (Fig. 10.11; Video 10.8). Another process can yield pericardial
or pleural effusions, however, with often more dramatic clinical presentations. Frank
rupture of the dissection into the pericardial or pleural space causes a hemorrhagic
effusion, rapid accumulation of blood, and significant hemodynamic deterioration.
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Fig. 10.10 a Midesophageal aortic valve long axis view in a patient with an ascending aortic
dissection. The green arrow indicates the intimal flap located near the sinotubular junction while
the red arrow indicates associated severe aortic insufficiency. b Midesophageal aortic valve long
axis view in a separate patient with an ascending aortic dissection. The green arrow indicates the
intimal flap located near the sinotubular junction. Note the intimal tear with diastolic flow
reversing back into the true lumen from the false lumen. The red arrow indicates associated severe
aortic insufficiency (LA left atrium; Ao Ascending Aorta)

During evaluation of an ascending aortic dissection that is approaching the aortic
root, concern must exist for dissection through the ostium of the main coronary
arteries. The aortic root contains three sinuses of Valsalva, two of which contain
coronary arteries (left and right). A proximal dissection through a coronary ostium
and resultant reduction of its blood supply may result in significant ischemia or
frank infarction. An evaluation for wall motion abnormalities is essential if coro-
nary involvement is suspected (Fig. 10.12; Video 10.9a, b).
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Fig. 10.11 Descending thoracic aortic short axis view with color flow Doppler in a patient with
an aortic dissection and a large left pleural effusion (LPE). The red arrow indicates the true lumen;
the green arrow notes the false lumen

Lastly, aortic dissections may result in ventricular dysfunction through two
major mechanisms. As previously described, acute ischemia may result in wall
motion abnormalities and frank RV or LV dysfunction. In another fashion, acute
aortic insufficiency causes abrupt volume overload to a ventricle that has not had
the time to dilate and adapt to the volume overload (as in chronic aortic insuffi-
ciency). Therefore, an evaluation of biventricular function is imperative in the
setting of ascending aortic dissections.

Aortic Aneurysms

Aortic Aneurysm

2D * Evidence of aortic dilation (linear measurements)
* Branch involvement
* Aortic Root Involvement (Aortic Valve malcoaptation)

CFD * Presence of Aortic Insufficiency

Spectral * Evaluation of Aortic Insufficiency

Aortic dilation refers to the enlargement of the aortic vessel beyond the upper limits
of normal. Normal adult thoracic aortic are approximately 3.5 to 4.0 cm for the
aortic root, less than 3.0 cm for the ascending aorta and descending thoracic aorta.
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Fig. 10.12 a Midesophageal aortic valve long axis view in a patient with an ascending aortic
dissection. The green arrow indicates the intimal flap located near the sinotubular junction and
extending into the right sinus of Valsalva. b Midesophageal aortic valve short axis view in the
same patient. The green arrow indicates the intimal flap located abutted the right coronary ostium
(indicated by the red arrow) (LA left atrium; LV left ventricle; PA pulmonary artery)

Additionally, there is variability between genders at each segment (Root,
Ascending, Mid-descending and Diaphragmatic) [6]. An aneurysm is classically
described as a dilated segment of all three layers of an arterial wall with a vessel
size that is beyond 150 % of its normal size. Surgical repair is considered as the
aorta dilates beyond 4.5-5.5 cm taking into consideration the patients history and
risk factors [6]. Again, the close relationship of the esophagus to the aorta allows
excellent imaging of dilated and aneurysmal segments of the aorta. However, TEE
does not carry the same potency in diagnosis as it does in the setting of acute aortic
dissection. In the setting of aortic aneurysms, proper surgical planning is essential
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to successful treatment and relies on preoperative imaging. Proper identification of
tortuosity, anterior spinal arteries including the artery of Adamkiewicz, and branch
vessels may help guide management of cardiopulmonary bypass and neuropro-
tection strategies. TEE, however, still plays a role in the intraoperative management
and in the setting of an unstable patient with an aneurysm rupture.

The echocardiographic approach to a patient with an aneurysm is similar to that of
a dissection and includes determining the location and extent of disease as well as
identifying coexisting pathologies. Measurements in multiple planes may be helpful
to identify the degree and extent of the aneurysm. In the setting of ascending aortic
aneurysms, measurement of the aortic valve annulus and sinotubular junction may aid
in assessing both the aneurysm and potential aortic valve involvement (Fig. 10.13).
Care must be undertaken as proper cross-sectional measurements may be difficult in
the setting of tortuosity.

Coexisting pathology with aortic aneurysms most often relate to the aorta’s
intimate structural relationship to the aortic valve. In the setting of aortic stenosis,
the resultant post-stenotic turbulent flow in the ascending aorta leads to altered
hemodynamics and a continued outward pressure. This results in post-stenotic
aortic dilatation that may halt after aortic valve replacement in calcific aortic
stenosis [7]. Bicuspid aortic valve disease may also progress towards aortic stenosis
with attendant aortic dilatation. However, despite aortic valve replacement, aortic
dilatation may continue in these patients. In addition, another group of bicuspid
aortic valve patients may present with annular dilation and aortic insufficiency
without stenosis, potentially necessitating replacement of both the valve and

1.0 8.0

Fig. 10.13 Midesophageal aortic valve long axis view in a patient with an ascending aortic
aneurysm. Measurements of the left ventricular outflow tract, aortic annulus, sinuses of Valsalva,
sinotubular junction, and ascending aorta note the presence of an ascending aortic aneurysm
without significant involvement of the aortic root (LA left atrium; Ao Ascending Aorta)
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Fig. 10.14 Midesophageal aortic valve short axis view in a patient with a bicuspid valve and
ascending aortic aneurysm. The green arrow indicates the bicuspid valve with a unified right and
left coronary cusp. Note the dilated annulus (LA left atrium; RV right ventricle)

ascending aorta (Fig. 10.14; Video 10.10). Finally, the dilated aorta itself may have
an impact on aortic valve function. As the aortic valve is crown shaped with
attachments near the annulus at the base and the sinotubular junction at the top,
dilation of the root may result in malcoaptation of the aortic valve leaflets and
subsequent aortic regurgitation (Fig. 10.15; Video 10.11).

Aortic Atheroma

TEE is very sensitive to the detection of aortic atheromatous disease and the
presence of such plaque carries significant patient risk. When the atheromatous
disease is noted to be greater than or equal to 4 mm in thickness, it is associated
with increased risk of all vascular events including stroke, myocardial infarction,
peripheral embolism and death [1]. The transesophageal echocardiographic imaging
approach includes noting severity, location, as well as mobility of atheromas
(Figs. 10.16 and 10.17; Video 10.12a, b). The grading of atheromatous disease is
displayed in Table 10.3. In the setting of interventional vascular procedures, the
presence of severe atheromatous disease including plaque mobility should be
communicated to the surgical team to prevent inadvertent embolization.
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Fig. 10.15 Midesophageal aortic valve short axis view with color flow Doppler in a patient with
an ascending aortic aneurysm. The green arrow indicates the significant aortic insufficiency from
the associated dilated annulus and ascending aortic aneurysm (LA left atrium; RA right atrium)

| UCSD THORTON HOSPITAL - OR
9:32:38 am
TE-VSM
16.0MHz] 70mm
TEE
General
Lens Temp<37.0°C

60dB 51/ 0/1/4
Gain= 11dB  a=1

Dist = 0.45cm

Lock Set

Fig. 10.16 Descending thoracic aorta short axis view demonstrating aortic atheroma measuring
4.5 cm, Grade III disease (red arrow)
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Fig. 10.17 a Descending thoracic aortic short axis view demonstrating complex atheromatous
disease. The red arrow indicates a large pedunculated mobile portion extending into the aortic
lumen. b Descending thoracic aortic long axis view of the same patient. The red arrow again
points to the pedunculated mobile portion of the atheroma

Table 10.3 Echocardiographic grading of atheromatous disease

Grade Description

1 Normal aorta; minimal intimal thickening
2 Extensive intimal thickening

3 Calcified aortic plaque less than 5 mm

4 Calcified aortic plaque greater than 5 mm
5 Mobile atheroma or ulcerated plaque
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Thoracic Aortic Trauma

The thoracic aorta has both relatively fixed and mobile portions. The junctions of
these portions are often the site of injury in blunt aortic injury, mostly commonly
the aortic isthmus (immediately distal to the left subclavian artery) and the
ascending aorta (immediately distal to the aortic valve). The most common
mechanism for this type of injury is a rapid deceleration which transmits the sheer
force between the relatively fixed and mobile portions. This usually involves
damage to the aortic intima with potential damage through the media and adventitia
including complete aortic transection [8].

Echocardiographically, aortic trauma may share characteristics of a spontaneous
aortic dissection. However, on examination of a traumatic aortic injury, the medial
flap tends to be thicker in appearance, the lesion is more often isolated without
propagation, and there may be the presence of an abnormal aortic contour, an aortic
pseudoaneurysm, or a crescentic shaped intramural hematoma. A complete evalu-
ation of the thoracic aorta in this setting should be in consultation with an advanced
echocardiographer or confirmed with an alternative imaging technique.

Conclusion

TEE is an excellent monitor for the diagnosis of several aortic pathologies, albeit
with some limitations. Knowledge of these limitations allows this modality to be
utilized in the setting of aortic dissection, aneurysm, atheroma, and trauma. The
basic echocardiographer should have a sound understanding of thoracic aortic
imaging with TEE.
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Chapter 11
Rescue Echocardiography

Byron Fergerson, MD and Joshua Zimmerman, MD, FASE

Abstract Current recommendations include the use of transesophageal echocar-
diography (TEE) for acute, persistent, unexplained hypotension. Perioperative
transesophageal echocardiography is well suited to assess for the etiology of acute
hemodynamic instability as it provides information on multiple aspects of cardio-
vascular physiology, from contractility and valvular function to volume status and
intracardiac pressures. Its portable and relatively noninvasive nature allows quick
diagnosis and rapid implementation of therapy in unstable patients. A rapid,
qualitative assessment of the hemodynamic event, or “eyeballing”, is the corner-
stone to rescue echocardiography. Rescue echocardiography is a process, not an
event, where a qualitative estimation of the abnormality followed by reevaluation
after the intervention is suggested. This chapter describes this process of rapid
diagnosis, intervention, and reevaluation and highlights several key and common
causes of perioperative hemodynamic instability.

Keywords Rescue echocardiography -  Hemodynamic instability
Transesophageal echocardiography - Hypotension - Valvular disease - Ventricular
dysfunction - Hypovolemia - Tamponade
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The American Society of Echocardiography (ASE) recommends the use of trans-
esophageal echocardiography (TEE) for acute, persistent, unexplained hypotension
[1]. Transesophageal echocardiography is well suited to assess for the etiology of
acute hemodynamic instability as it provides information on multiple aspects of
cardiovascular physiology, from contractility and valvular function to volume status
and intracardiac pressures. There are several other key advantages as well. It is
portable, relatively noninvasive, and provides a qualitative picture of the hemo-
dynamic event. A rapid, qualitative assessment of the hemodynamic event, or
“eyeballing”, is the cornerstone to rescue echocardiography. A detailed quantitative
analysis of cardiovascular function is neither feasible nor necessary in the emergent
setting. Grasping the overarching hemodynamic picture, performing an interven-
tion, and reassessing the hemodynamics is the most practical and effective use of
TEE. A qualitative analysis is also significantly easier to learn [2].

Unfortunately, there is a paucity of data on the use of TEE in the setting of
hemodynamic instability in the perioperative period. Markin et al. looked retro-
spectively at 364 rescue echocardiograms performed on cardiac and noncardiac
cases throughout the perioperative period [3]. Anesthetic management was changed
in more than half of the patients evaluated by TEE with no echo-related complica-
tions. Interestingly, there was a change in surgical management in 7 % of the cases.

Time is of the essence in rescue echocardiography as the etiology of the insta-
bility must be rapidly diagnosed and acted upon. There are 28 recommended views
in the most recently published comprehensive TEE exam, many of which are
redundant. Redundancy is valuable in general because it allows for visualization of
structures from multiple angles. It is not, however, conducive to brevity. For this
reason, a condensed examination is suggested. The “rescue exam” presented in this
chapter is a modification of the 11 cross-sectional views recommended by the ASE
and Society of Cardiovascular Anesthesiologists (SCA) for the basic TEE exam [4].
The primary differences are the order of the views and the use of spectral Doppler.
Spectral Doppler is vital to delineate between certain causes of hemodynamic
instability and thus is included in this exam. The rescue exam is short but covers the
majority of clinically relevant pathologies. In addition, performing the same exam
every time minimizes distraction. The rescue exam is listed in Table 11.1, begin-
ning in the mid-esophagus and ending in the stomach for ease of use. Similar
protocols have been studied and used effectively [3, 5, 6]. In agreement with the
ASE and SCA [4], it is suggested to perform and store the limited exam in its
entirety before focusing on segments specific to the area of interest.

It is important to note that rescue echocardiography is a process, not an event.
The cardiovascular system is complex and dynamic, potentially changing on a
beat-to-beat basis. What may be considered an appropriate intervention one minute,
may not be appropriate the next. It may be difficult to discern the precise cause of
the cardiovascular abnormality. In addition, it is possible that multiple abnormali-
ties are present. Similar to Markin et al. [3], a qualitative estimation—a “best
guess”—of the abnormality followed by reevaluation after the intervention is
suggested. If parameters improve, one should continue the intervention. If they do
not improve or worsen, an alternate diagnosis should be sought.
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Table 11.1 Recommended 1. Mld—esophageal AV SAX
limited TEE exam 2. Mid-esophageal AV LAX
* Measurement of LVOT diameter
. Mid-esophageal bicaval
. Mid-esophageal RV inflow/outflow
. Mid-esophageal 4 chamber
» With and without CFD on the TV and MV
. Mid-esophageal 2 chamber
. Mid-esophageal LV LAX
. Transgastric midpapillary LV SAX
. Deep transgastric LAX
* PWD of LVOT
* Calculation of stroke volume
10. Descending aorta SAX
AV Aortic valve; SAX Short axis; LAX Long axis; CFD Color
flow Doppler; TV Tricuspid valve; MV Mitral valve; PWD Pulse
wave Doppler; RV Right ventricle; LV Left ventricle; LVOT Left
ventricular outflow tract; TG Transgastric

(O, SN}
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The most common causes of hemodynamic instability will be reviewed: acute
valvular and aortic pathology, tamponade, RV dysfunction, pulmonary embolism,
hypovolemia, low afterload, and LV hypo- and hypercontractility.

Acute Valvular and Aortic Pathology

The echocardiographic assessments of valvular and aortic pathology (specifically
dissection and traumatic rupture) are discussed elsewhere in the text and will be
mentioned only briefly here (see Chaps. 7 and 10). Acute valvular dysfunction is
most likely to occur on left-sided structures [7]. Endocarditis is the most common
cause of acute regurgitation. Other potential causes include trauma, aortic dissec-
tion, and left ventricular ischemia. Evaluation of valvular regurgitation in the acute
setting should be limited to a rapid, qualitative assessment as quantitative measures
may be inaccurate [7]. Color flow Doppler (CFD) is the primary modality for a
visual assessment of the regurgitant jet focusing primarily on the vena contracta.
New onset or a change in chronic regurgitation is more valuable than grading the
severity. Keep in mind that the regurgitation may be a manifestation of changes in
ventricular function and loading conditions induced by another cardiac abnormality.

Regarding aortic dissection, as discussed in Chap. 10, TEE is as reliable as
helical computed tomography and magnetic resonance imaging in diagnosing or
ruling out a dissection [8]. The diagnosis of dissection is based on the detection of
an intimal flap that divides the aorta into true and false lumens [9]. The lumens are
best delineated through CFD. TEE is also valuable in assessing for the intimal tear,
intramural hematomas [10], and penetrating ulcers [11].
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Cardiac Tamponade

Cardiac Tamponade

2D * Echolucent space between heart and pericardium (may be loculated)
* Effusion >2cm are severe
» Chamber Collapse (RA — Systolic; RV — Diastolic)

CFD * Typically not utilized
Spectral * >10% respiratory variation in LVOT VTI

RA = right atrium; RV = right ventricle; LVOT = left ventricular outflow tract; VTI =
velocity time integral

Pericardial effusions with associated tamponade physiology are extremely dan-
gerous under general anesthesia. Rapid diagnosis and intervention is necessary
making echocardiography, with its portability and accuracy, the diagnostic
modality of choice. Acute effusions are generally due to trauma or ischemia, but
must also be considered in the setting of inflammation, infection, malignancy, and
renal and hepatic failure. Pericardial effusions are seen as darkened areas between

FR 52Hz

16em

2D
76%

Fig. 11.1 Mid-esophageal four-chamber view demonstrating an acute pericardial effusion
following percutaneous transvenous lead extraction. Double-headed red arrow indicates the
pericardial effusion. LA Left Atrium; LV Left Ventricle; RA Right Atrium
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Fig. 11.2 Deep transgastric long axis view with pulse wave Doppler placed in the left ventricular
outflow tract showing respiratory variability

the heart and the parietal layer of the pericardium (Fig. 11.1; Video 11.1). An
effusion may be identified in nearly any mid-esophageal or transgastric view.
Effusions measuring less than 1 cm are considered small; 1-2 cm are considered
moderate; and >2 cm are considered large. Visualization of an effusion does not
necessarily mean there is tamponade physiology. The pericardium can become
quite distensible in the setting of a chronic effusion and thus, have a limited effect
on intracardiac pressures and filling. However, in the case of extreme hemodynamic
instability, a large pericardial effusion should be considered to cause cardiac tam-
ponade regardless of the results of the continuing study (i.e., chamber collapse or
spectral Doppler findings). A pericardial effusion can be contained within a locu-
lation making it difficult to locate. The localized pressure exerted on the heart in this
situation can still cause cardiac tamponade.

Echocardiographic diagnosis of cardiac tamponade is based on both
two-dimensional and spectral Doppler findings. The normal respiratory variation in
LV stroke volume (SV) seen during mechanical ventilation is exaggerated in the
setting of tamponade physiology with SV increasing on inspiration and decreasing
on expiration (see below for a detailed discussion of the physiology of this varia-
tion). The variation can be detected by pulse wave Doppler interrogation of the left
ventricular outflow tract in the deep transgastric view using a sweep speed of 25—
50 mm/sec (Fig. 11.2). Sweep speed indicates how fast the spectral Doppler
refreshes on the screen (a lower speed allows the visualization of more beats per
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Table 11.2 Respiratory
variation in LV outflow in the
setting of tamponade

Mechanical ventilation

Inspiration Expiration
LV Outflow T 1

screen). A respiratory variation greater than 10 % in the LV outflow tract is one of
the initial echocardiographic signs of cardiac tamponade (Table 11.2).

Further fluid accumulation in the pericardial space will soon cause the pericar-
dial pressure to exceed right atrial (RA) pressure. This will be visualized as a late
diastolic collapse of the RA which will extend into systole (Fig. 11.3; Video 11.2).
The mid-esophageal RV inflow/outflow and the mid-esophageal four chamber are
the best views to visualize this. As the pericardial pressure increases further, the RV
will begin to collapse in diastole. The RV outflow tract is most likely to collapse
and thus the preferred view is the RV inflow—outflow. The thicker left-sided
structures are less likely to collapse. When left-sided collapse is seen, this portends
a bad outcome. Once the diagnosis is established, echocardiography can be a useful
adjunct to guide needle placement during a pericardiocentesis [12]. Table 11.3
outlines the two-dimensional manifestations of tamponade.

Pwr=-3dB MI=26
Lens Temp<37.0°C

60dB S1/ 0/1/4
Gain= 20dB  a=1

IS ore in progress
HR= 80bpm

.

Fig. 11.3 Mid-esophageal four-chamber view with right atrial collapse in the setting of a
pericardial effusion indicating tamponade physiology. Red arrow indicates right atrial systolic free
wall collapse. Yellow arrow indicates the pericardial effusion
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Table 11.3 Two dimensional manifestations of cardiac tamponade

Systole Diastole

Normal Tamponade Normal Tamponade
RA Expansion Compression Contraction Contraction
RV Contraction Contraction Expansion Compression

RA Right Atrium; RV Right Ventricle

Right Ventricular Dysfunction

Right Ventricular Dysfunction

2D * RA & RV Size (RV should be 2/3 size of LV)
* Encroachment of RV into LV

* “D-shaped” LV (flattened septum)

* Reduced TAPSE

CFD » New or worsened TR (dilated annulus)

Spectral * PASP estimation

RA =right atrium; RV = right ventricle; LV = left ventricle; TAPSE = tricuspid annular plane
systolic excursion; 7R = tricuspid regurgitation

Right ventricular failure (please also see Chap. 8) is the inability of the RV to
provide adequate blood flow to the LV in the setting of a normal central venous
pressure. RV failure in cardiac and noncardiac surgeries has a very high mortality
[13]. Potential causes of RV failure are numerous but generally involve RV con-
tractile dysfunction in association with acute elevations in pulmonary artery pres-
sures [14]. The anatomy of the RV is complex making echocardiographic
assessment very difficult [15]. For this reason, we suggest performing a qualitative
assessment in the emergent setting. A qualitative assessment of RV function is as
good as MRI at detecting dysfunction [16]. Evaluation begins with inspection of
right-sided chambers looking for dilation of the RV and RA. Mid-esophageal
four-chamber, RV inflow—outflow, bicaval as well as transgastric midpapillary short
axis views are helpful in evaluating the right heart. Encroachment into the left side
with right-to-left bowing of the interatrial septum (Fig. 11.4; Video 11.3) and/or a
“D-shaped” intraventricular septum seen in the transgastric midpapillary short axis
view (Fig. 11.5; Video 11.4) indicate elevated right-sided pressures. RV contrac-
tility can then be assessed by looking for regional wall motion abnormalities. In
addition, one can qualitatively evaluate the distance the tricuspid annulus moves
down in systole (tricuspid annular systolic excursion or TAPSE) [17] (Fig. 11.6).
A reduced TAPSE less than 17 mm suggests RV dysfunction [18]. Lastly, new
onset or worsening of chronic tricuspid regurgitation may indicate either RV
contractile dysfunction or annular dilation.
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Fig. 11.4 Mid-esophageal four-chamber view of a patient with right heart failure. The red arrow
indicates the atrial septal bowing due to high right atrial pressure. RA Right Atrium; RV Right

Ventricle

Pulmonary Embolism

Pulmonary Embolism

2D * Evidence of RV Failure
* Dilated RA and RV
* Evidence of thromboembolic material in right heart (Main or Right PA)
* McConnell’s sign — hypokinetic RV with normal RV apical function
CFD * New or worsened TR (dilated annulus)
Spectral * PASP estimation

RA = right atrium; RV = right ventricle; 7R = tricuspid regurgitation

Early diagnosis and treatment can reduce the mortality associated with a pulmonary
embolism (PE) tenfold [19]. Although TEE can help guide both diagnosis and
management, it is not the gold standard [20]. Echocardiography has a high speci-
ficity and a low sensitivity (90 and 56 % respectively) [21]. Risk factors associated
with PE are listed in Table 11.4.
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Fig. 11.5 Transgastric midpapillary short axis view revealing a “D” shaped interventricular
septum secondary to right ventricular failure. Red arrow indicates flattened interventricular
septum. RV Right Ventricle; LV Left Ventricle

10.0cm 10.0cm

Fig. 11.6 Example of tricuspid annular plane systolic excursion (TAPSE) using M-mode imaging
of the tricuspid annulus in the transgastric right ventricular inflow view. Red arrow indicates
tricuspid annulus in diastole, while the yellow arrow indicates the tricuspid annulus in systole. The
difference in position is the TAPSE measurement
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Fig. 11.7 Mid-esophageal ascending aortic short axis view with slight probe rotation to the right.
Thrombus noted in the right pulmonary artery (red arrow). Yellow arrow indicates the ascending

aorta in short axis

Table 11.4 Risk factors
associated with pulmonary

embolism

* Malignancy

* Prolonged immobilization

* Obesity

* Tobacco use

* Medications particularly
— Oral contraceptives
— Hormone replacement therapy
— Antipsychotics

* General Surgery particularly
— Hip fractures
— Acute spinal cord injuries
— Trauma

A thrombus can be found anywhere on the right side from the vena cavae to the
pulmonary artery (PA) and can be seen in over 80 % of cases (Fig. 11.7; Video
11.5). The ideal views to assess for thrombus include the mid-esophageal bicaval,
RV inflow—outflow, and ascending aorta short axis. The main and right PAs can be
seen by withdrawal of the probe to the high esophagus until a cross section of the
ascending aorta is obtained. The left PA, on the other hand, is often obscured by the

tracheobronchial tree.
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Although a thrombus visualized in a right-sided cardiac structure is pathog-
nomonic of PE, right ventricular wall motion abnormalities are the most common
echocardiographic findings [20]. The extent of RV dysfunction correlates with the
clot burden [22, 23] and overall mortality [24—26]. McConnell et al. showed that a
hypokinetic RV free wall and a normal to hyperdynamic apex has a sensitivity of
77 % and a specificity of 94 % in predicting a PE [27]. Subsequent studies,
however, have found a reduced sensitivity and specificity [28]. Structural and
inflammatory changes in the LV associated with a PE as well as reduced coronary
perfusion from loss of SV can lead to LV dysfunction. A low LV ejection fraction is
an independent predictor of mortality in the setting of acute PE [24].

Left Ventricular Dysfunction

Left Ventricular Dysfunction

2D Regional

» Wall Motion Abnormalities (Thickening and Excursion)
Global

* FAC or EF

* LV or LA dilation

» SEC

LVOTO

» Movement of anterior MV leaflet during systole (SAM)
» Hyperdynamic, hypovolemic LV

CFD Regional / Global

* New or worsened MR (dilated annulus vs papillary dysfunction)
LVOTO

» New anterior MR jet from anterior MV displacement into LVOT (SAM)
Aliasing in LVOT

Spectral Regional / Global

* Decreased SV or CO (calculated from LVOT)

LVOTO

» “Dagger” shaped — late peaking high velocity CWD profile

FAC = Fractional Area of Change; EF = Ejection Fraction; LV = left ventricle; LA = left
atrium; SEC = spontaneous echo contrast; SAM = systolic anterior motion; MR = mitral
regurgitation; MV = mitral valve; LVOT = left ventricular outflow tract; SV = stroke
volume; CO = cardiac output; CWD = continuous wave Doppler; LVOTO = Left
Ventricular Outflow Tract Obstruction

Echocardiography is an excellent tool for the diagnosis and management of LV
dysfunction, particularly in the setting of myocardial ischemia. Segmental wall
thickening less than 30 % suggests myocardial ischemia and can manifest within
seconds making it an earlier marker of ischemia than ECG changes [29-31]. Acute
ischemia is distinguished from chronic by a change in segmental wall motion from
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HR= 44bpm

Fig. 11.8 Comparison of normal versus poor ejection fraction using the transgastric midpapillary
short axis view. a and c are the diastolic and systolic frames, respectively, of a patient with normal
systolic function. b and d are the diastolic and systolic frames, respectively, of a patient with
grossly abnormal systolic function

baseline by two grades (i.e., from normal to severe hypokinesis) in two or more
segments (Video 11.6) [32]. Stress, inflammation, and catecholamine excess
associated with acute illness can also cause secondary cardiomyopathies and LV
dysfunction [33]. Sepsis-induced cardiomyopathy [33] and stress-induced car-
diomyopathy, also known as Takotsubo cardiomyopathy, [34] are relatively com-
mon causes of nonischemic LV dysfunction. Regardless of etiology, the
echocardiographic manifestations of LV dysfunction are similar.

In keeping with the concept of a qualitative echocardiographic assessment in the
setting of hemodynamic instability, the SCA recommends an estimation of the LV
ejection fraction when assessing who may benefit from inotropic therapy [4]. Visual
estimation, or “eyeballing”, has been found to be as good as Simpson’s biplane
method [35] and 3D echocardiography [36] and requires only approximately 20
studies to become proficient [37]. The transgastric midpapillary short axis
(SAX) view is the primary view used for assessing LV contractility (Fig. 11.8;
Video 11.7). A reduced fractional area change (FAC), which is the comparison of
the end-diastolic area (EDA) and end-systolic area (ESA), indicates poor LV
function. An FAC is calculated by using the equation [LVEDA — LVESA]/
LVEDA with normal values being approximately the same as those for EF
(Fig. 11.9; Video 11.8) [38]. It is important to note, however, that with regional
dysfunction, the transgastric midpapillary short axis view may miss significant
pathology in the basal and apical segments [39]. A brief assessment of the LV in the



11 Rescue Echocardiography 217

Fig. 11.9 Example of how to calculate left ventricular fractional area change. The image on the
top is the transgastric short axis. The image on the bottom left is a rough estimate of the
end-diastolic area. The image on the bottom right is a rough estimate of the end-systolic area.
Fractional area change is then a percentage change between the two areas

four-chamber, two-chamber, and long axis views looking for segmental wall
motion abnormalities will aid in diagnosis. Particular attention should be paid to the
apex as it contributes a significant portion of the overall EF (Video 11.9).

Left ventricular hypercontractility resulting in dynamic left ventricular outflow
tract obstruction (LVOTO) may also cause hemodynamic instability and must be
considered in patients with risk factors whose hemodynamics worsen with inotropic
support. LVOTO can occur in many pathophysiologic settings (Table 11.5).
LVOTO likely results from localized increases in flow velocity during ejection due
to a narrow LVOT. This results in the anterior mitral leaflet and chordae being

Table 11.5 Pathophysiologic settings associated with left ventricular outflow tract obstruction

* Hypertrophic cardiomyopathy

* Hypertension [56]

* Type 1 diabetes [57]

* Myocardial ischemia [58, 59]

» Pheochromocytoma [60]

» Takotsubo cardiomyopathy [61, 62]
 Valvular replacements and repairs [63, 64]
¢ Catecholamine administration [65, 66]




218 B. Fergerson and J. Zimmerman

FR 52Hz

13em

AT T: 37.0C 144 bpm
TEE T: 384G

Fig. 11.10 Midesophageal four-chamber view in systole of a patient with left ventricular outflow
tract obstruction. Note the anterior mitral leaflet contacting the septum (Red Arrow). LA Left
Atrium; LV Left Ventricle

drawn toward the septum [40, 41], causing mid-to-late systolic mitral regurgitation
and LVOT obstruction. It is often possible to see movement of the anterior leaflet of
the MV toward the upper septum in the ME Four Chamber or ME LAX views
(Fig. 11.10; Video 11.10). Color flow Doppler (CFD) may show an anteriorly
directed MR jet as well as turbulent flow in the LVOT. A “dagger” shaped spectral
Doppler pattern in the LVOT is the hallmark echocardiographic finding in LVOTO.
Obstruction occurs late in systole because it takes time for the blood to generate
enough velocity to draw in the mitral apparatus via Venturi effect. This dynamic
property of the obstruction yields a late peaking continuous wave Doppler
(CWD) pattern producing a “dagger” shape (Fig. 11.11). This profile shape is
distinctly different from the fixed obstruction of aortic valve stenosis (see Chap. 7).
The peak velocity of the wave will be high consistent with an elevated pressure
gradient.
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Fig. 11.11 Pulse wave Doppler in the left ventricular outflow tract revealing a “dagger” shaped
wave consistent with dynamic outflow obstruction

Hypovolemia
Hypovolemia
2D » Small end-diastolic area / Small end-systolic area
* Hyperdynamic LV
CFD * Typically not utilized
Spectral * Decreased SV or CO (calculated from LVOT)
* Respiratory variation of peak LVOT velocity > 12 %

LV = left ventricle; SV = stroke volume; CO = cardiac output; LVOT = left ventricular
outflow tract

The transgastric midpapillary short axis view has been shown to be a reasonable
view for estimating ventricular volume by assessments of the LV end-diastolic
(LVEDA) and end-systolic (LVESA) areas [42—44]. A euvolemic patient has a
“normal” LVEDA, whereas the LVEDA of a hypovolemic patient is often reduced
because of a reduced expansion (Fig. 11.12; Video 11.11). Normal value ranges for
LVEDA is 814 cm? [45]. Several studies have confirmed the correlation between
LV volume and LVEDA [46-49], although at varying strengths of correlation.
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Diastole Systole

Fig. 11.12 Diastolic and Systolic frames from a transgastric midpapillary short axis view in the
setting of hypovolemia. Note the small end-diastolic and end-systolic areas

The LVESA reflects the end point of the LV ejection fraction (EF). A hypovolemic
patient who starts off with a reduced LV diastolic volume (and thus a reduced
LVEDA) will end with a reduced systolic volume (and thus reduced LVESA).
A correlation between a reduced LVESA and hypovolemia has also been estab-
lished [50]. Evaluation of the LVEDA and LVESA aid in qualitatively assessing
volume status but often require further evaluation to confirm.

A reduced stroke volume (SV) in the setting of a normal or hyperdynamic LV
strongly suggests hypovolemia as a cause of hypotension. Calculation of stroke
volume assumes a cylindrical LVOT. The area of the cylinder is determined by
measuring the LVOT diameter and using the following equation:

Area = D? x 0.785

The LVOT diameter is usually measured in the mid-esophageal long axis view
approximately 5 mm proximal to the aortic valve (Fig. 11.13). Small inaccuracies
in measuring the diameter can introduce significant errors in the overall calculations
since the diameter is squared. For this reason it is important to use the same LVOT
diameter annular measurement for all subsequent calculations when performing
serial SV measurements.

The length of the cylinder is determined by calculating the average distance a red
blood cell travels in the LVOT during ejection, also called the stroke distance.
Using the deep transgastric view, the pulse wave Doppler cursor is placed in the
LVOT and a systolic waveform is obtained. The waveform is the velocities (i.e.,
speed and direction) of the red blood cells in the LVOT over time. The stroke
distance, also called the velocity time integral (VTI), is obtained by tracing the
Doppler wave (Fig. 11.14). To better understand this concept, consider a car
traveling 50 miles an hour for 2 h. Figure 11.15 illustrates this data plotted on a
graph with velocity on the Y-axis and time on the X-axis. The area of the rectangle
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Fig. 11.13 Example of how to measure the diameter of the left ventricular outflow tract in the
mid-esophageal long axis view. LA Left Atrium; LV Left Ventricle
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Fig. 11.14 Spectral profile from pulse wave Doppler placed in the left ventricular outflow tract in

a Deep transgastric long axis view. Tracing the profile provides the velocity time integral (stroke
distance)
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Fig. 11.15 Area under the curve for a time/velocity graph

created by these measurements yields a distance (i.e., 50 mph x 2 h = 100 miles).
The VTI is similar to this calculation in that it is the area under the curve of red
blood cell velocities over time. In this case, the velocities are represented by cen-
timeters per second, the time by seconds, and the VTI by centimeters.

The overall equation for determining the SV is the following (Fig. 11.16):

SV = D? x 0.785 x VTI
Cardiac output (CO) can then be calculated by multiplying SV by the heart rate

(HR). This method of stroke volume calculation is the recommended method for
determining CO by the American Society of Echocardiography [51].

Fig. 11.16 LVOT stroke
volume calculation (Area of Dz X
LVOT x Stroke Distance) 0'785
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Fig. 11.17 Pulse wave Doppler in the left ventricular outflow tract showing minimal change in
velocity with respiration

In addition to a static calculation of SV, volume status can be determined by
dynamic changes in SV with respiration. Dynamic indices assess fluid respon-
siveness, which is the effect of a change in preload on SV [52]. Positive pressure
insufflation pushes blood out of the lungs into the LV augmenting LV SV. At the
same time, the positive intrathoracic pressure reduces RV preload and increases RV
afterload thus reducing RV stroke volume. After several beats, the reduced RV
stroke volume results in a reduced LV preload and reduced LV SV. These changes
are exaggerated when the ventricles are on the steep part of the Frank—Starling
curve with the magnitude of this variation predicting fluid responsiveness. Pulse
wave Doppler interrogation of the LVOT over time has been shown to accurately
assess these changes in SV and thus predict fluid responsiveness [53] (Fig. 11.17).
One can use the following equation to quantitatively determine fluid responsiveness
[54]:

AVpeak(%) = 100 x (Vmax - Vmin)/[(vmax + Vmin)/z}

Viin represents the minimum velocity in the LVOT and V., the maximum
velocity. A AVpe,c of 12 % or greater indicates volume responsiveness with a
sensitivity of 100 % and specificity of 89 %. Such a calculation is impractical in the
emergent setting. A visual estimate of the respiratory variation is often adequate
(normal LVOT variation is <15 %).
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Low Afterload

Low Afterload

2D » Normal end-diastolic area / Small end-systolic area
» Hyperdynamic LV

CFD * Typically not utilized
Spectral * Elevated SV or CO (calculated from LVOT)

LV = left ventricle; SV = stroke volume; CO = cardiac output; LVOT = left ventricular
outflow tract

Theoretically, the LVEDA and LVESA, typically measured in the transgastric
midpapillary short axis view, can also help determine if the patient has a low
afterload. A euvolemic patient should have a normal LVEDA regardless of after-
load. If the afterload is low, the EF should increase which manifests as a small
LVESA. Therefore, a euvolemic patient with a low afterload should have a normal
LVEDA but a reduced LVESA (Fig. 11.18; Video 11.12). In contrast, a hypov-
olemic patient with a normal afterload should have a reduced LVEDA and LVESA.
Table 11.6 compares LVEDAs and LVESAs in hypovolemia and low afterload.
Unfortunately, a direct relationship between a low afterload and a normal LVEDA
with a low LVESA has not been established in the literature, only suggested [50,
55]. A qualitative assessment of the LVEDA and LVESA can therefore only
suggest hypovolemia or low afterload. Further confirmation by way of calculating
the stroke volume, as described above, is often necessary. The stroke volume

Diastole

Fig. 11.18 Transgastric midpapillary short axis view with evidence of low afterload (small
end-systolic area and normal end-diastolic area)



11 Rescue Echocardiography 225

Table 11.6 Left ventricular end-diastolic and systolic areas in the setting of hypovolemia and low
afterload

LVEDA LVESA
Normal NI NI
Low afterload NI Reduced
Hypovolemia Reduced Reduced

LVEDA Left Ventricular end-diastolic area; LVESA Left ventricular end-systolic area; NI Normal

should be elevated in the setting of a low afterload and reduced in the setting of
hypovolemia.

Conclusion

Echocardiography is extremely useful to the perioperative physician in assessing
the cause of hemodynamic instability, aiding in both diagnosis and management. It
is the diagnostic tool of choice owing to its portability and ease of use. Not only
does TEE help identify etiology, it also allows the practitioner to follow the effects
of an intervention and make changes if necessary.
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Chapter 12
Imaging Artifacts and Common
Misdiagnoses

Brett Cronin, MD

Abstract The ability to identify imaging artifacts and normal anatomic variants
commonly encountered during a TEE exam can be as important as identifying
normal anatomy and function. Lack of knowledge regarding these anatomic
structures and imaging artifacts can result in misdiagnoses and adverse effects for
patients. Anatomic variants commonly encountered in a TEE exam include Lambl’s
Excrescences, Eustachian Valve, Chiari Network, Moderator Band, Crista
Terminalis, Nodules of Arantius, and the Coumadin Ridge. Imaging artifacts that
result from the violation of the basic assumptions of ultrasound physics include
Dropout, Acoustic Shadowing, Side Lobes, Reverberation, and Mirroring. The
focus of this chapter will be the identification of the aforementioned anatomic
variants/imaging artifacts and the general techniques the echocardiographer can
utilize to distinguish them from pathology.

Keywords Echocardiography - Transesophageal echocardiography - Artifacts -
Normal anatomic variants + Misdiagnoses - Pitfalls

The ability to identify artifacts and normal anatomic variants commonly encoun-
tered during a transesophageal echocardiography (TEE) exam can be as important
as identifying normal anatomy and function. In fact, the American Society of
Echocardiography (ASE) recognizes the importance of this skill in the objectives
for basic perioperative transesophageal (PTE) training [1]. Lack of knowledge
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regarding these common anatomic structures and artifacts can result in misdiag-
noses and adverse effects for patients.

The following does not represent an all-encompassing list but rather focuses on
the appearance of the artifacts and normal anatomic variants commonly encoun-
tered in a perioperative TEE exam.

Normal Anatomic Variants and Misdiagnoses

A major principle of echocardiography is the identification of pathology which
requires recognition of diseased states as well as normal anatomic states. This can
occasionally be complicated by misdiagnosis of a normal anatomical variant as actual
pathology. Many of these variants described below are inappropriately diagnosed as
thrombi, masses, or foreign bodies. A thorough understanding of common anatom-
ical variants is essential to reduce the opportunity for misdiagnosis and potentially
inappropriate therapy. These anatomical variants are categorized below based upon
the common physical location of the anatomical variant (Table 12.1).

Epicardial Fat (Location—Pericardium)

Echocardiographers often monitor for the development of pericardial effusions
intraoperatively with TEE. Epicardial fat may be confused for a pericardial effusion
given its location and presentation as an echolucent area between the right ventricle
(RV) and the pericardium (Fig. 12.1; Video 12.1). However, epicardial fat has a
non-homogeneous, textured appearance that can be distinguished from a pericardial
effusion by altering the gain and examining the area of interest in multiple imaging
planes [2]. In addition epicardial fat does not cause hemodynamic compromise,
chamber compression or Doppler changes suggestive of tamponade physiology (see
Chap. 11).

Table 12.1 Commonly
identified normal anatomic
variants (by location)

Right atrium « Eustachian Valve
¢ Chiari network
¢ Crista terminalis

Right ventricle * Moderator band
Left atrium * Coumadin ridge
Aortic valve * Nodules of arantius

« Lambl’s excrescences
« Papillary fibroelastoma

Pericardium * Pericardial fat
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Fig. 12.1 Mid-esophageal four chamber view at end systole. Epicardial fat is present (red arrow)
between the right ventricular lateral wall and the pericardium. RA right atrium; LA left atrium;
LV left ventricle

Eustachian Valve (Location—Right Atrium)

The Eustachian valve is an embryologic remnant whose purpose in utero was to
shunt oxygenated blood from the inferior vena cava through the right atrium
(RA) to the left atrium (LA). If this tissue fails to completely regress after birth, the
remnant is termed the Eustachian valve and is easily identified echocardiographi-
cally. The valve can be found in adults in the mid-esophageal (ME) bicaval view at
the junction of the inferior vena cava (IVC) and RA (Fig. 12.2; Video 12.2) [3]. Its
appearance is a linear echogenic structure emanating from the IVC/RA junction and
may be confused as thrombus or tumor. Rarely thrombus or vegetations may be
attached to the Eustachian valve.

Chiari Network (Location—Right Atrium)

While a Chiari network shares its origin with the Eustachian valve, it is not simply a
longer variant. A Chiari network refers to an inferiorly located, mobile, and heavily
fenestrated structure in the RA (Fig. 12.3; Video 12.3). Echocardiographically it
appears as a mobile undulating flap extending from the RA and IVC junction. Its
mobility often leads to misdiagnosis as a vegetation or thrombus. In addition, Chiari
networks are associated with patent foramen ovale and atrial septal aneurysms [3].
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Fig. 12.2 Mid-esophageal bicaval view demonstrating a Eustachian valve at the junction of the
inferior vena cava and RA (white arrow). A pulmonary artery catheter (red arrow), which is seen
in cross section, is also directed towards the area of the tricuspid valve. RA right atrium
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Fig. 12.3 Mid-esophageal bicaval view. A thin, filamentous, and mobile Chiari network (red
arrow) is present at the junction of the inferior vena cava and RA. RA right atrium; LA left atrium
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Fig. 12.4 Mid-esophageal bicaval view demonstrating a prominent crista terminalis (green
arrow) at the superior portion of the right atrium near the superior vena cava and right atrial
junction. A pulmonary artery catheter (red arrow) is also visualized traversing the RA toward the
tricuspid valve. RA right atrium; LA left atrium

Crista Terminalis (Location—Right Atrium)

The crista terminalis is a smooth fibromuscular ridge located in the right atrium,
which separates the smooth right atrium from the more trabeculated right atrial
appendage (Fig. 12.4; Video 12.4). Echocardiographically it is commonly identi-
fied at the SVC and RA junction in a ME bicaval view. Its appearance ranges from
a ridge to pedunculated mass of tissue and may be mistaken for tumor or thrombus
[3]. The superior portion of the crista terminalis also contains the sinoatrial node
and has been implicated as the origin of atrial arrhythmias [4].

Moderator Band (Location—Right Ventricle)

Also known as septomarginal trabecula, the moderator band, one of the encircling
muscular bands of the RV, functions as a conduction path from the right bundle
branch to the RV free wall. The band can become quite prominent in cases of
chronic RV pressure overload (e.g., chronic pulmonary hypertension), becoming
mistaken for tumor or an in-transit thromboembolism. In addition to examination in
multiple views, the diagnosis of a moderator band is more likely if it moves with the
cardiac cycle and the adjacent wall motion is normal (Fig. 12.5; Video 12.5) [5].
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Fig. 12.5 Mid-esophageal four chamber view at end diastole. A moderator band (red arrow) is
seen connecting the interventricular septum to the anterior papillary muscle in the distal half of the
ventricle. RA right atrium; LA left atrium; LV left ventricle

Lambl’s Excrescences (Location—Aortic Valve)

Lambl’s excrescences are typically identified on the aortic valve (AV) and originate
as small, thin projections on the endocardial surface at the site of valve closure
(Fig. 12.6; Video 12.6). Histologically Lambl’s excrescences are thin pieces of
fibrous tissue covered by a layer of endothelial cells [6]. While patients with
Lambl’s excrescences are usually asymptomatic these small filiform (threadlike)
fronds can embolize. Therefore, patients who suffer from multiple cerebrovascular
accidents may be offered treatment in the form of anticoagulation or resection [7].

Papillary Fibroelastoma (Location—Aortic Valve)

Cardiac papillary fibroelastomas are benign tumors that are typically attached to the
aortic valve, although they may be found on other valves. On echocardiography,
fibroelastomas appear as mobile, pedunculated masses along the line of valve
closure, as opposed to the linear “strand” of a Lambl’s excrescence (Fig. 12.7a, b;
Video 12.7a, b). Fibroelastomas are slow growing and are more gelatinous in
appearance than Lambl’s excrescences [8]. Given their propensity to embolize,
these masses often require surgical resection.
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Fig. 12.6 Mid-esophageal long axis view in diastole demonstrating Lambl’s excrescences (red
arrow) present on the AV extending to the level of the sinotubular junction. See associated video
online to observe the classic appearance and movement of these relatively small structures. LA left
atrium; LV left ventricle

Nodules of Arantius (Location—Aortic Valve)

Nodules of Arantius are thickened central areas on the AV cusps (Fig. 12.8; Video
12.8). The role of these nodules is not clear; however, it has been theorized that they
have a protective role in reducing the stress on the coapting surfaces. In contrast,
aortic regurgitation has been attributed to the fibrosis and hypertrophy of the
nodules of Arantius in isolated patients [6].

Coumadin Ridge (Location—Left Atrium)

The Coumadin ridge, also known as the Ligament of Marshall, describes the
muscular ridge located between the left upper pulmonary vein and left atrial
appendage, commonly identified in a mid-esophageal two chamber view (Fig. 12.9;
Video 12.9). This structure may be quite prominent and therefore derives its name
from its frequent misdiagnosis for left atrial thrombus and the need for
anticoagulation.
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Fig. 12.7 a Mid-esophageal aortic valve short axis view with the probe slightly withdrawn
demonstrating a papillary fibroelastoma (red arrow) attached to the aortic valve. b A zoomed in
mid-esophageal AV long axis view of the same patient demonstrates the pedunculated mass
attached near the coaptation line of the aortic valve. The pedunculated mass is consistent with a
papillary fibroelastoma (red arrow)
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Fig. 12.8 Simultaneous mid-esophageal AV short axis and long axis views demonstrating
Nodules of Arantius (white arrows) that are present on the center of all three AV cusps
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Fig. 12.9 Mid-esophageal commissural view (depth decreased). The Coumadin ridge (white
arrow) separates the left upper pulmonary vein (blue arrow) from the left atrial appendage (red
arrow)
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Artifacts

Imaging artifacts result from violations of assumptions about the physics of ultra-
sounds. The following assumptions are made when generating ultrasound images:

1. Sound waves travel in straight lines to the reflecting surface and back.

2. Sound travels at exactly 1540 m/sec.

3. Only structures along the central axis of the ultrasound beam reflect sound
waves back to the probe to generate images.

While these assumptions generally hold true, artifacts are generated when one or
more of these assumptions are violated [9, 10].

Dropout

Image generation is optimal when the object of interest is perpendicular to the
ultrasound beam. Reflections are suboptimal when the area of interest is parallel to
the ultrasound beam. Without a surface perpendicular to the beam, there is a lack of
ultrasound reflection back towards the probe. This results in an echolucent area that
should not otherwise be echolucent. Transgastric short axis imaging often has
dropout along the septal and lateral walls due to the parallel orientation to the
ultrasound beam (Fig. 12.10; Video 12.10). Alternative views, which place the area
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Fig. 12.10 Transgastric midpapillary SAX view. Hypo or anechoic areas of the septal (white
arrow) and lateral walls (red arrow) represent imaging dropout, common in the TG SAX view
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of interest perpendicular to the ultrasound beams should be utilized to overcome
imaging “dropout.”

Acoustic Shadowing

Acoustic shadowing results from the reflection of ultrasound waves by a structure
with large acoustic impedance. The strong reflector—typically a prosthetic valve,
catheter, or heavy calcification—reflects a large proportion of the ultrasound waves
and thus blocks distal propagation of the ultrasound beam (Fig. 12.11; Video
12.11). This results in hypoechoic areas and an inability to image the far field [10].

Side Lobe

Side lobe artifacts are generated when diverging side beams, which are weaker than
the central beam, encounter a strong reflector. The reflections are perceived by the
ultrasound probe as being generated by the primary, central beam and display an
incorrect echogenic structure within the imaging plane. (Figure 12.12; Video 12.12).
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Fig. 12.11 Mid-esophageal AV SAX (modified angle of interrogation) in a patient with a
bioprosthetic aortic valve replacement. The prosthetic aortic valve creates a shadowing artifact
(white arrows) which obscures visualization of the RV. In addition, a ring down or comet tail
artifact (red arrow), which is generated by the closely spaced annular ring and ascending aorta, is
also present. Acoustic shadowing and ring down artifacts can both result in inadequate imaging
distal to the reflecting structure(s)
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Fig. 12.12 Mid-esophageal four chamber view demonstrating side lobe artifacts and inappropri-
ately high gain settings, which result in echogenic artifacts in the RA near the interatrial septum
(white arrow) and LA above the lateral mitral annulus (red arrow)

Side lobe artifacts are typically curvilinear artifacts that maintain a constant depth
along a sector arc [10]. Commonly, a strong reflector, such as an out-of-plane
pulmonary artery catheter, may reflect enough ultrasound energy back to the probe
to generate a linear density that displays within the aortic lumen in a mid-esophageal
ascending aortic short axis view. This artifact may easily be confused for an
ascending aortic dissection. Noting that the artifact crosses tissue planes, beats “out
of sync” with the surrounding tissues and is not present in multiple imaging planes
suggest that the linear density is an artifact and not a dissection.

Reverberation

A reverberation artifact is described as a “step ladder” artifact that appears at equally
spaced distances along a scan line (Fig. 12.13; Video 12.13). The artifact is gen-
erated by the ultrasound energy bouncing back and forth between two objects
multiple times before returning to the ultrasound probe. The ricocheting of the
ultrasound energy between the objects and subsequently returning to the probe is
displayed as a series of ultrasound densities at equally spaced intervals away from
the image apex. Objects that often cause this artifact include tracheal rings, calcified
aortic walls, or even the ultrasound transducer itself. Decreasing the gain or utilizing
alternative imaging planes may be helpful when this artifact is encountered [10].
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Fig. 12.13 An upper esophageal view withdrawn from the ascending aortic views encountering
tracheal rings. A reverberation artifact (white arrow) is generated by the tracheal rings,
demonstrating repeating artifacts at evenly spaced intervals

Mirroring

Mirroring artifacts have a similar mechanism to reverberation artifacts. A strong
reflector, such as a calcific aortic wall will ricochet the ultrasound energy between
the two aortic walls prior to returning the ultrasound energy to the ultrasound probe.
The increased transit time results in a duplicate or mirror image of the structure being
displayed just distal to the real object (Fig. 12.14; Video 12.14). Interestingly, color
flow Doppler information is also mirrored demonstrating flow in the “mirrored”
structure. This can lead to a misdiagnosis of the true and false lumens of an aortic
dissection. Mirror artifacts are commonly encountered when imaging the arch of the
aorta and the descending aorta.

Avoiding Pitfalls

In order to distinguish between anatomic variants or imaging artifacts and true
pathology, the echocardiographer must utilize all information at their disposal. This
includes not only a detailed knowledge of cardiac anatomy but also surgical and
clinical correlation (i.e., discussion with the surgeon and a full patient history) [11].
Additional evidence that a structure may be an artifact includes its adherence to the
path of a scanning arc, continuance through a clearly identifiable solid structure, or
disappearance in alternative views. Proper image acquisition (e.g., gain, focus, and
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12.14 Descending aortic view demonstrating mirroring artifacts that can occur in both two

dimensional imaging and color flow Doppler imaging. A mirroring artifact (yellow arrow) of the
true aorta (red arrow) is displayed here with CFD

gastric de-airing, etc.) can eliminate many artifacts or clarify an area of interest. If

the

diagnosis is still in question, the echocardiographer should consider utilizing

echo contrast or additional imaging modalities (e.g., computed tomography,
fluoroscopy, etc.) [12].
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Chapter 13
Adult Congenital Heart Disease

Swapnil Khoche, MBBS

Abstract The increasing number of patients with either uncorrected or repaired
congenital cardiac lesions is on the rise, likely reflective of improvements in care
and detection. With more patients surviving well into adulthood, they often present
for non-cardiac surgery. Echocardiography remains central to the detection, and
aids in both surgical and device-based correction. It can also provide important
prognostic information and quantify the effects (from the lesion) on ventricular
function, pulmonary and systemic flow, etc. It is important for the beginner and
intermediate practitioner to familiarize himself/herself with basic lesions encoun-
tered in adulthood, the echocardiographic techniques used to further identify and
evaluate each condition, and the associated conditions that need to be sought and
ruled out.

Keywords TEE for congenital heart disease - Ventricular septal defect - Atrial
septal defect - Patent foramen ovale - Bubble study - Dilated coronary sinus -
Persistent left SVC - PDA - Device closure - Tetralogy of fallot

Introduction

With the advancement of technology, transesophageal echocardiography (TEE) has
quickly become invaluable in pediatric congenital heart surgery, both as a diagnostic
tool and to assess repair [1]. Patients with congenital heart disease (CHD) are now
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surviving longer, and will ultimately need further anesthesia for non-cardiac and
cardiac procedures [2]. Echocardiography has remained the cornerstone of diag-
nosing and managing these conditions. The basic perioperative transesophageal
echocardiography (PTE) examination consensus statement recommends that a
physician trained in basic perioperative TEE uses the exam to identify simple
congenital heart disease lesions as a potential cause for right to left or left to right
shunts [3]. Complex lesions are beyond the scope of the basic echocardiographer and
if suspected, consultation with an advanced PTE echocardiographer or another
diagnostic technique is warranted. Perioperatively, TEE provides real-time moni-
toring of ventricular filling, myocardial performance, and identification of intrac-
ardiac shunting, in addition to optimization of hemodynamic management strategies.
A brief outline of the major congenital cardiac lesions and their echocardiographic
correlates is provided here. The bicuspid aortic valve, which is the most common
congenital heart lesion seen in adulthood, is discussed separately in Chap. 7.

Atrial Septal Defect (ASD)

ASDs comprise 7-8 % of all congenital heart disease and thus, are relatively common,
either in combination with other lesions, or by themselves. Its location and size, which
are related to its embryonic origin, often determine the magnitude of its hemodynamic
effects. Due to the proximity of the left atrium to the probe, TEE results in excellent
imaging of the interatrial septum (IAS), and is superior to TTE in this respect.

A patent foramen ovale (PFO), present in up to 27 % of population, can cause an
intracardiac shunt if right atrial pressure exceeds the left atrial pressure [4].
Although a PFO represents a possible communication between the atria, it is
technically not considered an ASD as there is no actual defect or tissue missing.
Identification of a PFO may be accomplished through the use of color flow Doppler
(CFD). While the flow through a PFO may be small, lowering the aliasing velocity
(Nyquist limit) on CFD may help to identify the lower flow (Fig. 13.1; Video 13.1).
As well, an agitated saline study with identification of “microbubbles” moving
across the foramen during a Valsalva maneuver can help identify a PFO. The use of
a Valsalva maneuver is important as the release of the Valsalva maneuver tem-
porarily increases right atrial pressure in comparison to left atrial pressure, thereby
exacerbating the shunt and visualizing the interatrial septal crossing of the agitated
saline [4] (Fig. 13.2; Video 13.2).

The defects or gaps truly classified as ASDs involve some degree of absent
tissue, allowing the potential for various degrees of intracardiac shunting. The
ASDs are subdivided based upon their location, which relates to the defect during
embryologic development. The subdivided defects are described below (Fig. 13.3):

1. Ostium secundum ASD:
It is the most common ASD (approximately 70 %), and generally occurs in the
area contained in the limbus of the fossa ovalis [5]. During embryologic
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Fig. 13.1 Midesophageal view of interatrial septum with color flow Doppler. The green arrow
indicates a left to right shunt across a patent foramen ovale (PFO). LA left atrium; RA right atrium

development, the septum primum grows toward the atrioventricular canal. An
ostium develops centrally (termed the ostium secundum) which allows oxy-
genated blood in utero to cross the interatrial septum. Subsequently, a septum
secundum develops to cover this ostium yet still allows flow through as the
foramen ovale. After birth, with the increase in left atrial pressure from
increased pulmonary blood flow, the foramen ovale is functionally pushed
closed. Fusion of the two septums finalizes the process, leaving a fossa ovalis.
A defective closure of the ostium secundum leads to the ostium secundum ASD
(Fig. 13.4; Video 13.3). It may be circular in shape or may be a series of
fenestrations associated with an aneurysmal interatrial septum.
2. Ostium Primum ASD:

These defects are the second most common type of ASD (approximately 20 %)
and occur in the inferior and anterior portion of the IAS, near the AV valves.
This defect generally represents the smallest degree of an atrioventricular canal
defect. Ostium primum ASDs have been associated with Down’s syndrome
(Trisomy 21). During embryologic development, the septum primum develops
in the direction of the atrioventricular valves, leaving the ostium primum to be
developed by the endocardial cushion. Failure of this closure leaves the ostium
primum atrial septal defect (Fig. 13.5; Video 13.4). As the endocardial cushion
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Fig. 13.2 Midesophageal view of interatrial septum during agitated saline injection. Green arrow
indicates transseptal flow of agitated saline from right atrium (RA) to left atrium (LA)
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Fig. 13.3 Diagram of interatrial septum from the perspective of the right atrium and right
ventricle
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Fig. 13.4 Midesophageal four chamber view demonstrating an ostium secundum ASD (green
arrow) with left to right flow noted on color flow Doppler. RA right atrium; LA left atrium; RV
right ventricle; LV left ventricle

is also involved in the development of the atrioventricular valves, ostium pri-
mum defects can be associated with a cleft in the anterior mitral leaflet.

3. Sinus Venosus ASD:
This defect represents an atrial communication adjacent to the attachment of
either the superior or inferior vena cavae, and results in the respective vena cava
overriding the defect. Sinus venosus defects account for about 8 % of all ASDs
[5]. Embryologically, the vena cavae are derived from the sinus venosus.
Abnormal resorption of the sinus venosus leads to a defect between the cavae
and the left atrium (Fig. 13.6; Video 13.5). The defect is often associated with
partial anomalous pulmonary venous return (i.e., anomalous right upper pul-
monary vein draining into the right atrium).

4. Coronary sinus ASD (unroofed coronary sinus):
These rare defects (<1 %) result from a partial or complete defect in the sepa-
ration between the LA and the coronary sinus, resulting in “unroofing”, and
causing communication between the right and the left atria.
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Fig. 13.5 Midesophageal four chamber view demonstrating an ostium primum ASD (green
arrow). RA right atrium; LA left atrium; RV right ventricle

Echocardiographic Examination for ASDs

Atrial Septal Defects

2D

 Echogenic defect of tissue in interatrial septum

— Secundum—ME Four Chamber or Bicaval Views

— Primum—ME Four Chamber View

— Unroofed Coronary Sinus—Difficult to visualize on 2D
* Associated Findings

— Cleft Anterior Mitral Leaflet (Primum)

— Anomalous Pulmonary Venous Return (Sinus Venosus)

— Atrial Enlargement

— Ventricular dilation

CFD

* Interatrial flow — note directionality
— May or may not be turbulent (dependent on ASD size)

Spectral

* Calculate Pulmonary to Systemic Flow Ratio (Qp:Qs)
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Fig. 13.6 Midesophageal bicaval view in a patient with a superior sinus venosus ASD and a
grossly dilated right atrium (RA). The green arrow indicates left to right flow from the left atrium
(LA) to the RA near the superior vena cava and RA junction

The midesophageal (ME) four chamber view can interrogate the majority of the
interatrial septum, though probe withdrawal and insertion may be required for
superiorly and inferiorly located ostium secundum defects as well as sinus venosus
defects. Advancing the probe to the AV groove allows detection of ostium primum
defects, evaluation of the coronary sinus, and Doppler evaluation of atrioventricular
valves. Rotation of the probe to right and left is recommended to thoroughly
interrogate the area. The ME Aortic Valve SAX or ME right ventricular
inflow-outflow views can also be used to evaluate the septum, tricuspid valve (TV),
and pulmonic valve (PV). In addition, these views can be used to quantify the
tricuspid regurgitation, estimate pulmonary artery systolic pressure (PASP) as well
as RV function, and search for abnormalities of venous return. The ME bicaval
view provides a good cross-sectional display of the septum (superior to inferior),
aligns the Doppler beam perpendicular to the septum, and is also an excellent view
for agitated saline studies. This view is not particularly suited for detection of
ostium primum defects, but can be modified by clockwise or counterclockwise
rotation and omniplane manipulation to detect and evaluate all other ASDs. The
transgastric mid-papillary SAX views can be used to detect flattening of the
interventricular septum and help diagnose RV pressure or volume overload (see
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Chap. 8). While beyond the scope of this textbook, TEE, especially 3D TEE, can be
invaluable during device closure of ASDs by identifying the site and size of the
defect, evaluating adequacy of the tissue ring around the defect (generally 5 mm) to
hold the device, and follow the deployment of the device in real time.

Ventricular Septal Defect (VSD)

VSDs account for approximately 10 % of all adults with congenital heart disease,
and can occur isolated or in association with other disorders. The ventricular septum
can be divided into four components, each with its distinct morphology:
Membranous, Inlet, Trabecular (muscular), Outlet [6] (Fig. 13.7). VSDs follow
similar nomenclature, but can span more than one segment. Spontaneous closure is
more likely for VSDs of the membranous or muscular type.

The most common of the four subtypes is the perimembranous VSD, occurring
in 75-80 % of all VSDs. This defect is found in the membranous portion of the
septum beneath the tricuspid valve and allows a connection to the left ventricular
outflow tract (LVOT) immediately beneath the aortic valve [6]. It is best seen in the
ME right ventricular inflow-outflow or ME aortic valve SAX views (Fig. 13.8;
Video 13.6). Associated aneurysm of the membranous septum or accessory tri-
cuspid tissue may be visualized. Perimembranous defects that occur high in the

Supracristal

Perimembranous

Muscular

Inlet

Fig. 13.7 Diagram of the interventricular septum from the perspective of the right atrium and
right ventricle
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Fig. 13.8 Midesophageal right ventricular inflow-outflow view in a patient with a perimembra-
nous ventricular septal defect (VSD) indicated by the green arrow. LA left atrium; RV right
ventricle

LVOT can result in aortic regurgitation due to cusp herniation through the defect
(most commonly the right coronary cusp).

Inlet VSDs, also part of the endocardial cushion defect spectrum, are located in
the posterior portion of the interventricular septum immediately below the atri-
oventricular valves (mitral and tricuspid valves) [6]. Echocardiographically, these
two valves tend to be located at the same level, however the normal insertion of the
tricuspid valve is typically a few millimeters distal. These defects are large and
generally do not close spontaneously. Multiple configurations of the atrioventricular
valves can occur, the details of which are outside the scope of this text. Endocardial
cushion defects represent defects in the separation of the right and the left heart
chambers, and can have complete absence of the septa, one common atrioven-
tricular valve, and an ostium primum ASD, among other abnormalities.

Muscular defects, approximately 5-20 % of all VSDs, occur centrally or apically
in the trabecular portion, and can have multiple openings (“swiss cheese” appear-
ance). Apical VSDs may occur after myocardial infarctions [7]. Color flow Doppler
is invaluable to detect multiple defects in the muscular septum.

Outlet VSDs are also known by several terms: supracristal, infundibular, doubly
committed, or subarterial VSDs. Irrespective of the nomenclature used, they occur
in the region just below the aortic and pulmonic valves and can have associated
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Fig. 13.9 Midesophageal aortic valve long-axis view in a patient with an outlet VSD (green
arrow). LA left atrium; RV right ventricle

aortic insufficiency (related to the herniation of the right coronary cusp).
Interrogation of the outflow tracts side by side, done as a modification of the ME

aortic valve LAX view or the ME right ventricular inflow-outflow view, is used to
detect these defects (Fig. 13.9; Video 13.7).

Echocardiographic Examination of VSDs

Ventricular Septal Defects

2D » Echogenic defect of tissue in interventricular septum
— ME Four Chamber View (Muscular and Inlet)
— ME AV SAX View (Perimembranous and Outlet)
* Associated Findings
— Atrial Enlargement
— Ventricular dilation

CFD * Presence of Interventricular flow
— May or may not be turbulent (dependent on VSD size)

Spectral * Calculate Pulmonary to Systemic Flow Ratio (Qp:Qs)
* Estimate Pulmonary Arterial Systolic Pressure (TR Jet)
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The complexity of the interventricular septum requires multiple views as well as
rotation and use of the omniplane angle at nonstandard imaging planes. The ME
four chamber, ME aortic valve short axis and long axis, ME RV inflow-outflow and
deep transgastric long axis views are recommended for a focused interrogation.
Apart from number, size, location, and nature of defects, other pertinent findings to
look for include: additional congenital heart disease, aortic valve abnormalities,
signs of RV pressure and volume overload, and its functional consequence. Doppler
interrogation can quantify the nature and magnitude of the intracardiac shunt,
estimate valvular regurgitation, and estimate PA systolic pressure (see Chap. 3).

High velocity through the defect as evidenced by Doppler interrogation is
indicative of a restrictive shunt whereas low, nonturbulent flow denotes a nonre-
strictive defect. Generally, a nonrestrictive defect indicates a more severe lesion [8,
9]. The ratio of pulmonary to systemic blood flow (Qp/Qs) should be measured
since it has diagnostic and therapeutic implications. A high Qp/Qs indicates that
there is a significant left to right shunt which may eventually lead to pulmonary
overcirculation and Eisenmenger’s syndrome. A low Qp/Qs is indicative of a right
to left shunt.

Persistent Left Superior Vena Cava (SVC)

Approximately 0.5 % of the population has a persistent left SVC, which drains into
the coronary sinus 90 % of the time. It is uncommonly associated with an absent right
SVC. In embryologic development there are two superior vena cavae. Normally the
left-sided SVC regresses with blood from the internal jugular (1J) and left subclavian
returning to the heart via the innominate vein. In the setting of a persistent left SVC, the
left IJ and subclavian typically return blood flow to the heart via the left SVC into the
coronary sinus. In its presence, central venous cannulation and pacemakers can take
an abnormal orientation. In cardiac surgery, retrograde cardioplegia can be ineffective
and venous cannulation strategies may need to be adjusted.

The coronary sinus (CS) can be imaged by advancing the probe from a ME four
chamber view, in a modified bicaval view or in the posterior AV groove in the ME
two chamber view. Dilation of the coronary sinus (>10 mm in diameter) should
arouse suspicion for a persistent left SVC (Fig. 13.10; Video 13.8). Other causes
such as elevated right atrial pressures from heart failure, atresia, or stenosis of the
ostium or a coronary artery fistula to the CS need to be ruled out. The suspicion can
then be confirmed with injection of agitated saline into the left upper extremity and
resultant coronary sinus opacification. A large coronary sinus and its drainage into
the right atrium have been mistaken for an ASD in some patients, and this makes
thorough imaging essential [10].
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Fig. 13.10 Midesophageal two chamber view with the dilated coronary sinus in cross section to
the posterior aspect of the top of the left ventricle. Agitated saline injected into the left arm has
resulted in “microbubbles” within the dilated coronary sinus confirming a persistent left superior
vena cava

Patent Ductus Arteriosus (PDA)/Aorticopulmonary
Window

The ductus arteriosus is a vascular communication between the proximal
descending aorta and the main or the left pulmonary artery in its roof. It closes
spontaneously after birth but can persist into adulthood in rare cases, causing a left
to right shunt. It is usually a coincidental finding picked up due to a murmur that
leads to an echocardiography exam [11]. Echocardiography is helpful to not only
diagnose the lesion, but also to evaluate the shunt magnitude and volume load,
estimate pulmonary artery pressures, and identify associated cardiac pathology.
Some patients may present with endarteritis (endocarditis of the ductus), which is
responsible for almost half of the deaths in adult patients with a PDA [12]. The
pulmonary side of the ductus is more commonly the site of infection. The patent
ductus can be closed either surgically or often with a transcatheter device with
excellent results. Upper esophageal views have been used to visualize a PDA, with
nonstandard orientation of the omniplane angles. Since the connection between the
aortic isthmus and the main pulmonary artery hides behind the left main bronchus,
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it is often difficult to visualize with TEE. The demonstration of flow abnormality in
the pulmonary artery using color flow Doppler is excellent supportive evidence but
not diagnostic by itself of a PDA. Proper parallel alignment of the Doppler beam
with the flow is even more difficult. It is important to note the FiO, during the shunt
calculation since hyperoxia leads to reduction in PA pressures and an increase in the
shunt [12]. The aorticopulmonary window represents a more proximal communi-
cation between the ascending aorta and the pulmonary artery, and can be easier to
pick up on TEE. Hemodynamic consequences tend to be similar to a PDA.

Tetralogy of Fallot (ToF)

Tetralogy of Fallot

2D *» Pulmonic Stenosis

— Narrowed RVOT in ME RV inflow-outflow view
* Right Ventricular Hypertrophy

— Measure in ME Four Chamber view
* Overriding Aorta

— Observed in ME LAX view
* Ventricular Septal Defect

— Typical Perimembranous VSD in ME AV SAX View
CFD * Presence of Interventricular flow

— May or may not be turbulent (dependent on VSD size)
* Turbulence in RVOT / Pulmonary Artery

Spectral * Calculate Pulmonary to Systemic Flow Ratio (Qp:Qs)
* Estimate Pulmonary Arterial Systolic Pressure (TR Jet)

Classic ToF patients manifest a VSD, pulmonic stenosis, an overriding aorta, and
RV hypertrophy. Addition of an ASD makes it a pentalogy (present in about a third
of cases). Multiple other congenital cardiac lesions can accompany a ToF, such as a
right aortic arch, systemic venous abnormalities, and LVOT obstruction among
others. Most patients require surgery early due to the cyanosis and right to left
shunt, and thus patients that survive into adulthood generally have little RV
obstruction. The goals of echocardiography should include (apart from confirming
the diagnosis): quantification of the RV obstruction, VSD shunt magnitude and
direction, and detection of associated anomalies.

The large, perimembranous VSD is best seen in the ME aortic valve LAX or
SAX views. The defect is located between the right and the non-coronary cusps of
the aortic valve. This generally permits shunt interrogation by Doppler (either color
flow or spectral). The entire septum should be carefully interrogated to rule out
additional defects. The ME aortic valve LAX view can also demonstrate the aortic
override, which can be variable in presentation. In the post-repair adult, the repair of
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Fig. 13.11 Midesophageal long-axis view in a patient with tetralogy of fallot s/p VSD repair.
Note the overriding aorta (green arrow) that remains and the evidence of right ventricular
hypertrophy. Incidentally there is a dilated coronary sinus in this patient that was a persistent
left-sided superior vena cava. LA left atrium; RVOT right ventricular outflow tract

the VSD using a patch still permits identification of the override (Fig. 13.11; Video
13.9). Involvement of the aortic valve, either as part of the primary lesion or during
repair needs to be carefully ruled out.

Manipulation of the omniplane angle from either the ME aortic valve LAX or
ME right ventricular inflow-outflow view can be used to interrogate the RV outflow
tract. Obstruction is suggested (using color flow Doppler) by the presence of
aliasing and turbulence in the RVOT. RV wall thickness can be measured in the
ME right ventricular inflow-outflow to quantify the hypertrophy while transgastric
views can be used to examine the RVOT. These views can help detect abnor-
malities of the pulmonic valve, if present. Interrogation of the RV outflow and the
pulmonary artery with two-dimensional echocardiography, color flow Doppler, and
spectral Doppler is helpful after repair since stenosis can persist and indeed, even
worsen as the patient continues to grow into adulthood. After repair, left and right
ventricular outflow obstruction and valvular regurgitation remain as the focus.
Assessment of RV systolic pressure, size, and function is vital to the exam.
Tricuspid and pulmonic regurgitation is not uncommon, and their quantification can
be useful for future comparison.
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Conclusion

With more congenital heart disease patients now surviving longer, it is likely that
these patients will ultimately need further anesthesia for non-cardiac and cardiac
procedures. Echocardiography has remained the cornerstone of diagnosing and
managing these conditions. The basic perioperative echocardiographer should be
familiar with and able to recognize simple congenital heart lesions. Complex
lesions should involve consultation with an advanced echocardiographer.
Perioperatively, TEE provides useful information about the real-time monitoring of
ventricular filling, myocardial performance, and identification of intracardiac
shunting, in addition to optimization of hemodynamic management strategies.
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Chapter 14
Transthoracic Echocardiography:
The Basic Views

Sonia Nhieu, MD

Abstract Bedside transthoracic echocardiography (TTE) is a valuable, noninva-
sive, point-of-care diagnostic tool that can be used for cardiac evaluation of
symptomatic or hemodynamically unstable patients. Use of TTE in the periopera-
tive setting, emergency medicine or critical care patient population can provide new
objective data and guide clinical management. The increasing availability of TTE
and minimal training required to become competent makes the bedside TTE
examination complementary to TEE.

Keywords Transthoracic echocardiography - Cardiac ultrasound - Basic views -
Bedside transthoracic echocardiography (TTE) - Noninvasive
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TTE Transthoracic echocardiography

TEE Transesophageal echocardiography

LV Left ventricle

FOCUS Focused cardiac ultrasound
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LA Left atrium
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LVOT  Left ventricular outflow tract

RV Right ventricle
SAX Short axis
IVC Inferior vena cava

Bedside transthoracic echocardiography (TTE) is an increasingly used, noninvasive
diagnostic tool for cardiac evaluation of symptomatic and hemodynamically
unstable patients. With minimal training in image acquisition and interpretation,
intensivists can use bedside TTE to estimate global left ventricular (LV) function
with reasonable accuracy [1]. In addition, the information obtained from a focused
cardiac ultrasound (FOCUS) examination can guide management in the critically ill
patient until a formal echocardiographic examination can be completed. The
American Society of Echocardiography (ASE) and American College of Emergency
Physicians (ACEP) emphasize the important role of FOCUS in patient care and its
complementary role to comprehensive echocardiography [2].

For patients with undifferentiated hypotension, the primary advantage of bedside
TTE is to distinguish cardiogenic shock from shock of other causes [2]. Hand-held
echocardiography may also be used in the management of cardiac arrest for the
evaluation of reversible causes [3]. Furthermore, using bedside echocardiography to
distinguish between true pulseless electrical activity (PEA) and “pseudo-PEA,” in
which the patients have echocardiographic evidence of cardiac motion without
palpable pulses, can change outcomes [2, 3]. Patients with “pseudo-PEA” arrest had
better prognoses as they had potentially treatable causes that could be identified by
TTE [4]. Other time-sensitive evaluations that can be completed with bedside TTE
include assessment for pericardial effusion, relative chamber size, global cardiac
systolic function, and volume status.

This chapter is not intended to be a comprehensive review of TTE. Instead, the
goal of this chapter is to provide a brief overview of how to acquire the basic TTE
views and recognize abnormalities that may cause hemodynamic instability. As
discussed in Chap. 11, evaluating the hemodynamically unstable patient focuses on
identifying gross abnormalities on echocardiography and implementing correctional
action. Noting small minutiae of findings is typically not the cause of significant
hemodynamic disturbances. A formal echocardiographic evaluation may be indi-
cated to follow up and/or confirm preliminary findings.

Basic TTE Views

When introducing TTE imaging into a practice, many practitioners have the sense
that this modality is a difficult endeavor to learn. However, when transitioning to
TTE imaging from a knowledge base of transesophageal echocardiography (TEE),
the echocardiographer can envision that the ultrasound physics, cardiac structures,
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and cardiac physiology are unchanged. Although the approach to the heart, “the
windows,” is different, the views are often very similar. For example, the
parasternal long-axis view images the same structures as the midesophageal
(ME) long-axis view; the image is simply “turned” on its side. Once the echocar-
diographer gathers confidence in the image acquisition, the interpretation of the
images is essentially unchanged.

Unlike transesophageal imaging where the esophagus remains in close position
to the heart despite patient position or respiration, transthoracic imaging requires
interaction of the patient for optimal views. The optimal patient position for
transthoracic imaging depends upon the specific imaging window and desired view.
Parasternal and apically located views often utilize the left lateral decubitus
(LLD) position with the patient’s left arm extended above the head. The purpose of
this position is to allow the heart to be located nearest the chest wall due to gravity.
Raising the left arm also increases the intercostal distance, decreasing shadowing
from the ribs. However, this is not always possible in critically ill or perioperative
patients and compromises may be necessary. Subcostal views often benefit from the
patient remaining supine and therefore offer an alternative window in patients who
are unable to be optimally positioned. In addition, image clarity will vary with
respirations as the probe on the chest wall moves toward and away from the heart.
The addition of air-filled lungs between the probe and cardiac structures will often
obscure the image appearance. Therefore, timing of ventilation through patient
breath holding can aid in obtaining improved images.

Parasternal Long-Axis (LAX) View

The basic TTE examination begins with the parasternal LAX view and proceeds in
a clockwise fashion (Fig. 14.1). With the ultrasound indicator (notch or light

Fig. 14.1 Probe placement
on chest wall for windows to
basic transthoracic views.

1 parasternal long-axis view;
2 parasternal short-axis view;
3 apical four-chamber view;
4 subcostal view;

5 suprasternal view (not
discussed in this chapter)
(with permission from
Springer Science+Business
Media: Price [8])




268 S. Nhieu

Fig. 14.2 Parasternal LAX probe position shown for a supine patient. The probe is placed in the
second intercostal space lateral to the sternum with the indicator (direction noted by green dashed
arrow) pointed toward the patient’s right shoulder (with permission from Springer Science
+Business Media: Price [8])

indicating the right side of the ultrasound image) pointing toward the patient’s right
shoulder, the transducer probe is placed in the second or third intercostal space just
lateral to the left sternal border (Fig. 14.2). This view is often one of the easiest to
obtain and simultaneously provides a significant amount of information. Structures
that are seen and evaluated include the left atrium (LA), left ventricle (LV), left
ventricular outflow tract (LVOT), right ventricular outflow tract (RVOT), left-sided
valves inclusive of the mitral valve and aortic valve, and the proximal ascending
aorta (Fig. 14.3; Video 14.1). When comparing to a similar TEE view, the
parasternal long axis is nearly identical to a ME long axis displayed on its side. By
increasing the depth of the image, a short-axis view of the descending aorta can be
visualized in the far field of the image (Fig. 14.4).

In this echocardiographic window, RV size and systolic function, LV size and
systolic function, regional wall motion of the anteroseptal and inferolateral walls,
and stenosis or regurgitation of the mitral and aortic valves can be assessed. The
parasternal LAX can also be used to identify an anterior or a posterior pericardial
effusion as a cause of hemodynamic instability. The utility of this single view
cannot be overstated.
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Fig. 14.3 Parasternal LAX view. LA left atrium; LV left ventricle; LVOT left ventricular outflow
tract; RV right ventricle; Asc Ao ascending aorta
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Fig. 14.4 Parasternal LAX view (increased depth). AV aortic valve; MV mitral valve; Desc Ao
descending aorta

Parasternal Short-Axis (SAX) View

TEE from its relatively fixed position utilizes the omniplane to develop alternative
imaging planes. In the setting of transthoracic imaging, the operator becomes the
“omniplane” by holding the probe steady on the chest and simply rotating the probe
on the chest in a clockwise or counterclockwise fashion. From the parasternal LAX
view, with the patient remaining in the same position, the transducer probe is
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Fig. 14.5 Parasternal SAX probe position shown for a supine patient. The indicator is pointed
toward the patient’s left shoulder (direction noted by green dashed arrow). Through angling the
probe superiorly to inferiorly as shown by the white arrow, the short axis of the aortic valve, mitral
valve, and LV can be imaged (with permission from Springer Science + Business Media: Price
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Fig. 14.6 Parasternal SAX view of the AV. LA left atrium; RA right atrium; TV tricuspid valve;
RV right ventricle; PV pulmonic valve; PA pulmonary artery; AV aortic valve

rotated clockwise until the indicator is pointed toward the patient’s left shoulder to
obtain the parasternal SAX (Fig. 14.5). By angling the probe superiorly to inferi-
orly, a short-axis view of the aortic valve (Fig. 14.6; Video 14.2) and mitral valve
(Fig. 14.7; Video 14.3), and LV (Fig. 14.8; Video 14.4) can be assessed. The
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Fig. 14.7 Parasternal SAX basal view of the mitral valve with the leaflets open during diastole.
A anterior leaflet; P posterior leaflet
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Fig. 14.8 Parasternal SAX mid-papillary view of the LV. RV right ventricle; A anterior LV wall;
I inferior LV wall

angling can be analogous to anteflexion and retroflexion of the TEE probe to obtain
superior to inferior structures.

In the parasternal SAX view of the aortic valve, overall chamber sizes of the left
atrium, right atrium, and right ventricle can be appreciated. This view is analogous
to the ME RV inflow-outflow view. Because of the Doppler alignment, the degree
of tricuspid and pulmonic regurgitation can be assessed. Finally, in the parasternal
SAX of the aortic valve and mitral valve, calcifications and morphology of valves
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can be evaluated. Continuing to angle the probe inferiorly, the mid-papillary SAX
view of the LV will be imaged. This view allows for evaluation of regional wall
motion, degree of LV hypertrophy, and presence of hypovolemia analogous to the
TG mid-papillary short-axis view in TEE.

Apical Four-Chamber View

Similar to the ME four-chamber view, a transthoracic four-chamber view can image
the same structures, however from the aspect of the LV apex. To obtain the apical
four-chamber view, the patient remains in LLD position with the left arm extended
above the head and the transducer probe is placed at the apex of the heart identified
by the point of maximal impulse. The indicator is pointed toward the patient’s left
axilla while slight angle adjustments should be made to align the septum in the
center of the imaging sector (Fig. 14.9). The four chambers of the heart should be
visible, with the left atrium and LV on the right side of the imaging sector and the
right atrium and RV on the left side of the imaging sector (Fig. 14.10; Video 14.5).

Though this view can be more difficult to consistently obtain than parasternal
views, it yields large amounts of helpful information. All four chambers of the heart
can be evaluated for dilation, systolic function of the RV and LV can be assessed,
color flow Doppler interrogation of the mitral and tricuspid valves, and pericardial
effusions can be appreciated in the apical four-chamber view. Lastly with improved
comfort in obtaining this view, mitral valve inflow and lateral wall tissue Doppler
imaging may provide insight into diastolic function.

Fig. 14.9 Apical four-chamber probe position shown for a supine patient. The probe is placed at
the apex of the heart (point of maximal impulse) and the indicator (green arrow) is pointed toward
the patient’s left side. The white arrow indicates the lateral movement of the tail of the probe to
center the four chambers on the image (with permission from Springer Science+Business Media:
Price [8])



14 Transthoracic Echocardiography: The Basic Views 273

FR 50Hz

Fig. 14.10 Apical four-chamber view. RA right atrium; RV right ventricle; LA left atrium; LV left
ventricle

Again envisioning the ultrasound operator as the “omniplane,” counterclockwise
rotation of the probe while keeping the location of the probe unchanged will
develop the apical four-chamber view to an apical two-chamber view and further to
the apical long-axis views. This is akin to increasing the omniplane in TEE from the
midesophageal four-chamber view to the midesophageal two-chamber and
long-axis views.

Subcostal Views

In critically ill patients, especially those that are receiving positive pressure ven-
tilation and positive end expiratory pressure (PEEP), the parasternal and apical
views may be difficult to obtain or of poor quality. The subcostal view can be used
in this subset of patients. The increased intrathoracic pressure will “push” the heart
in a caudal direction, improving subcostal imaging. The subcostal four-chamber
view is obtained by placing the probe just below the xiphoid, with the indicator
pointed toward the patient’s left side and the ultrasound beam directed superiorly
toward the heart (Figs. 14.11 and 14.12). The inferior vena cava (IVC) entering into
the RA can be developed with counterclockwise rotation of the probe (Fig. 14.13;
Video 14.6). The diameter and collapsibility of the IVC can be used to aid in the
determination of fluid responsiveness and estimates of central venous pressure.
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Fig. 14.11 Subcostal probe position shown for a supine patient. The probe is placed just below
the xyphoid with the indicator (green arrow) pointed toward the patient’s left. To view the IVC,
the probe is rotated counterclockwise (white arrow) (with permission from Springer Science
+Business Media: Price [8])

TIS0.2 MI11

Fig. 14.12 Subcostal four-chamber view. RA right atrium; RV right ventricle; LA left atrium; LV
left ventricle
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Fig. 14.13 Subcostal IVC view. IVC inferior vena cava; RA right atrium; & hepatic vein

Examples of Hemodynamic Compromise

Bedside TTE is commonly used to assess volume status or fluid responsiveness in
the critically ill patient population. Though potentially difficult, estimating fluid
responsiveness is important in the management of septic shock as hypovolemia is
associated with worse outcomes but over-resuscitation has also been found to
increase mortality [5]. In conjunction with other clinical data, a finding suggestive
that patients may require additional resuscitation is a collapsed or obliterated LV
cavity seen in the parasternal SAX view during systole (Fig. 14.14; Video 14.7).
Though the results should be interpreted with caution, respiratory variation of the
IVC is also commonly used as a predictor of fluid responsiveness [6]. Patients with
a respiratory variation of more than 40 % are more likely to respond to a fluid
challenge (Video 14.6).

Life threatening causes of hemodynamic instability that warrant immediate
intervention include cardiac tamponade and pulmonary embolism. Cardiac tam-
ponade or concern that a pericardial effusion is causing hemodynamic instability
(Fig. 14.15; Video 14.8) requires consultation with a cardiothoracic surgeon
immediately. Though a bedside TTE should not be the only tool used to diagnose a
pulmonary embolism, there are findings that raise the suspicion that the patient has
a pulmonary embolus. Dilation of the RV is often significant, although it is non-
specific for a pulmonary embolus (Fig. 14.16). A more specific finding is the
distinct echocardiographic pattern of regional RV dysfunction in the mid-free wall
with sparing of the apex, also known as the McConnell’s sign [7] (Video 14.9). The
tethering of the right ventricular apex to the hyperdynamic left ventricle is thought
to be responsible for the preserved apical wall motion. As discussed in Chap. 11,
the sensitivity and specificity of McConnell’s sign has been called into question.
However, this finding raises the level of clinical suspicion for an acute pulmonary
embolus.
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Fig. 14.14 End systolic parasternal SAX view showing an obliterated LV cavity in a patient with
hypovolemia. This patient also has significant left ventricular hypertrophy (LVH). RV right
ventricle; LV left ventricle

Fig. 14.15 Parasternal SAX view demonstrating a pericardial effusion (yellow arrows) that
resulted in hemodynamic instability. Please see Video 14.8 to observe the dynamic component of
the effusion
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Fig. 14.16 Apical four-chamber view in a patient with a dilated RV (yellow arrow) due to an
acute pulmonary embolus

Conclusion

Bedside TTE is a valuable, noninvasive, point-of-care diagnostic tool that has been
shown to be helpful in perioperative and hemodynamically unstable patients.
Adding TTE to a basis of TEE knowledge requires that the operator learn additional
“windows” to the heart, however the normal anatomy, pathologic states, and car-
diac physiology remain unchanged. Once past this hurdle of new “windows,” it
becomes relatively easy to integrate TTE into practice to identify gross abnor-
malities in the unstable patient.
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Chapter 15
Ultrasound for Vascular Access

Seth T. Herway, MD, MS

Abstract Ultrasound can be employed to facilitate central and peripheral vascular
access. In some cases, such as internal jugular vein cannulation, the use of ultra-
sound makes the procedure faster and safer while limiting the number of attempts.
Complications such as carotid artery puncture or pneumothorax may be reduced. In
other procedures, such as subclavian vein cannulation, the role of ultrasound in
facilitating the procedure is less clear. Last, peripheral venous access may benefit
from observation of patent vasculature and procedure-guidance, however, the
reduction of any complications is not documented.

Keywords Internal jugular vein cannulation - Subclavian vein cannulation
Femoral vein cannulation - Ultrasound - Vascular access

Proper vascular access is imperative for appropriate perioperative care and includes
the use of peripheral venous access for fluid and drug administration, central venous
access for vasoactive infusion and central venous pressure (CVP) monitoring and
last, arterial access for continuous blood pressure monitoring and arterial blood
sampling. The indications of each type of access are outside of the scope of this
text, however, the utility of ultrasound for obtaining the vascular access will be
discussed. Ultrasound imaging during vascular procedures can be used to “scout”
the anatomy prior to skin puncture, provide image guidance toward the intended
structure as well as confirmation of wire placement during a Seldinger technique.
The intention of ultrasound imaging is often to reduce complications, reduce the
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time to vascular access, and aid in difficult cannulations, however, this may vary
depending upon the vessel selected and the patient’s individual anatomy.

General Considerations

Probe Orientation

Unlike the standard orientations found in echocardiography, ultrasound for vascular
access can have varying probe and image orientations based on the vessel being
cannulated and the operator’s position. In general, it is recommended that the probe
be oriented to display the same anatomy on the screen that would be visible to the
operator from that vantage point. Thus, anatomic structures on the left side of the
probe should appear on the left side of the screen and right-sided structures should
appear on the right side of the screen. Although it is common for ultrasound probes
to have an indicator that denotes one side of the probe that correlates with a specific
side of the screen, the user can also briefly confirm anatomic and screen orientation
alignment by moving the probe left to right or by applying gentle external pressure
on one side of the probe confirming correlation with the image on the screen.

Ultrasound may be used for vascular access both in the long (in-plane) axis
(LAX) and in the short (out-of-plane) axis (SAX). Both views may be utilized to
guide needle movement, however, the in-plane technique serves to keep the entire
needle length in view while the out-of-plane technique catches a cross section of the
needle. The advantage that an out-of-plane technique has over an in-plane tech-
nique is the ability to visualize surrounding structures during needle movement
(e.g., carotid artery during internal jugular cannulation). Oblique views can also be
obtained but are not conventionally used and are not addressed further here.

In the SAX view, the probe is placed perpendicular to the desired vessel pro-
viding a cross section of the vessel with the needle appearing as a hyperechoic point
(Fig. 15.1; Video 15.1). In the LAX view, the probe is placed parallel to the desired
vessel, providing an image that shows the course of the vessel across the screen and
the needle shaft as it is advanced (Fig. 15.2; Video 15.2). Again, the advantage of
the SAX view is that it provides superior visualization of anatomic structures
surrounding the vessel of interest. This advantage can be critical because ultrasound
is often used to access central veins that run in close proximity to critical arteries. It
appears that for novice users, the SAX view also results in faster cannulation times
and is perceived to be an easier approach by the operator [1]. The LAX view
provides the advantage of better visualization of the needle during its approach to
and its course within the vessel. However, maintaining proper alignment of both the
ultrasound transducer and the access needle can be challenging. Any malalignment
results in the cannulating needle not being imaged and may lead to inadvertent
arterial puncture during central venous access.
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Fig. 15.1 Out of plane imaging or short axis (SAX) of the right internal jugular vein (green
arrow). Yellow arrow indicates the carotid artery just to the medial aspect of the larger, collapsible
internal jugular vein

Vessel Selection

There are a number of factors involved in selecting the site for central venous
cannulation. Anatomic considerations, patient positioning, patient tolerance, venous
drainage, and relative rates of complications should all be considered. In general,
larger catheters with more lumens have a higher risk for infections [2]. Subclavian
catheters have the lowest risk for infection (1.5-4 %) and thrombosis (1.2-1.9 %).
Internal jugular catheters have an infection rate of 4-8 % and a thrombosis rate of
7.6 %. The femoral site has the highest incidence of both infection and thrombosis
at 19.8 and 21.5 %, respectively [3].

Vessel Identification

Differentiation of veins from arteries is a critical aspect of appropriate use of
ultrasound for obtaining vascular access. Both have anechoic (black) lumens but
arteries have thicker walls that are more hyperechoic (white) than the walls of veins.
Additionally, arteries are pulsatile and less compressible than veins. Pulsatility and
compressibility are the two most useful indicators for differentiation of arteries and
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Fig. 15.2 In-plane imaging or long axis (LAX) of the right internal jugular vein (green arrow)
from the same patient in Fig. 15.1

veins with ultrasound. With the vessel in the short axis, as gentle pressure is
applied, veins will compress while nearby arteries will remain patent and pulsatile.
However, with excessive pressure both arteries and veins can collapse. Color flow
Doppler imaging may also be used to identify pulsatile flow (Figs. 15.3 and 15.4;
Videos 15.3 and 15.4). Venous blood flow will be uniform in color, low velocity
and may be present during systole and diastole, whereas arterial flow will be higher
velocity and detected predominantly during systole. The Doppler scale can be
lowered and the color gain increased to detect flow if not initially observed.

Because techniques for vessel identification can be rendered less reliable in
low-flow states or cardiac arrest, it is crucial that the operator understands the
normal anatomic relationships between arteries and veins surrounding the vessel
selected for cannulation. Additionally, other confirmatory measures and verification
of correct placement of the guidewire and/or catheter is necessary and will be
covered in later sections.

Static Versus Dynamic Imaging

Static imaging uses ultrasound to identify the vessel selected for cannulation and
the appropriate site of needle entry after which ultrasound is no longer used to guide
the procedure. The dynamic approach uses real-time ultrasound throughout the
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Fig. 15.3 Out of plane imaging (SAX view) of the right internal jugular vein (green arrow) with
color flow Doppler. Yellow arrow indicates the carotid artery. Color flow Doppler imaging
demonstrates faster pulsatile laminar flow in the carotid artery with slower flow in the jugular vein

procedure to guide needle placement and vessel entry. Dynamic imaging provides
faster cannulation with fewer attempts but complication rates for both techniques
are similar [4-6].

Performing the Procedure

Proper positioning of the patient including Trendelenburg positioning when appro-
priate will aid in vessel detection and in the performance of the procedure by
increasing central venous pressure and thereby the size of the vessel on imaging. After
identifying the appropriate vessel with ultrasound, the course of the needle to the
vessel needs to be determined. Typically, the needle should be directed toward the
middle of the vessel which is best determined using the SAX view. If the LAX view is
used, the needle should be visualized throughout its course toward and within the
vessel. The angle of approach should be such that the needle will avoid nearby arteries
both during approach and in the event the needle penetrates through the posterior
aspect (“backwall”) of the target vessel. Care should be taken to avoid posterior wall
puncture, but having the artery away from the trajectory of the needle will minimize
the risk of arterial puncture in the event of accidental posterior wall puncture.
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Fig. 15.4 In-plane imaging (LAX view) of the right internal jugular vein (green arrow) with color
flow Doppler

In the SAX view, the needle tip will be seen to indent the wall of the target
vessel. With gentle traction on the syringe connected to the needle, a flash of blood
will be seen in the syringe. After placement of the guidewire, ultrasound can be
used in both SAX and LAX to confirm that the guidewire is both in the target vessel
and not in surrounding vessels (Fig. 15.5a, b; Video 15.5a, b). Other techniques to
aid in confirming appropriate vessel cannulation include direct pressure transduc-
tion, manometry, blood gas analysis, visualization of the wire with transesophageal
echocardiography, and fluoroscopy. With the concurrent use of transesophageal
echocardiography, a midesophageal bicaval view can confirm venous placement of
the wire, noting the “J” tip of the wire in the right atrium (Fig. 15.6; Video 15.6).
The American Society of Echocardiography (ASE) and the Society of
Cardiovascular Anesthesiologists (SCA) recommend that real-time ultrasound be
used to confirm vessel cannulation. The ASE/SCA recommendation is that if the
combination of SAX and LAX is not utilized for confirmation of wire placement,
manometry should be used [7].
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Fig. 15.5 a Short axis imaging of right internal jugular vein with a wire within its lumen. b Long
axis imaging of the right internal jugular vein with a wire noted to be within its lumen (no evidence
of “backwall”). Green arrow indicates the wire within the jugular vein
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Fig. 15.6 Midesophageal bicaval view demonstrating the “J-tip” of the central access wire within
the right atrium confirming venous access. Green arrow indicates the “J-tip.” LA left atrium; RA
right atrium

Internal Jugular Vein Cannulation

The superiority of ultrasound guidance over landmark-based techniques for internal
jugular (IJ) vein cannulation has been well documented [4, 8—10]. The use of
ultrasound improves the overall and first-pass success rate, decreases time to can-
nulation and rate of arterial punctures, and total number of needle advances [10].
The ASE and SCA recommend that properly trained clinicians use real-time
ultrasound for 1J cannulation whenever possible [7].

Any practitioner using ultrasound for 1J vein access should be familiar with the
appearance of the local anatomy on ultrasound. The size of the IJ can be increased
(potentially improving cannulation success) with Valsalva techniques and
Trendelenburg positioning. These maneuvers also decrease the risk of air entrain-
ment in the spontaneously ventilating patient [11, 12]. There is an intimate rela-
tionship between the IJ and the carotid artery (CA) at the location where 1J
cannulation is typically pursued. This relationship explains the benefit of using
ultrasound for 1J cannulation. Overlap between the 1J and the CA can lead to
unintentional puncture and/or cannulation of the CA due to a through-and-through
puncture of the vein. Ultrasound can be used to angle the approach such that CA
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puncture would be avoided in the event of accidental through-and-through puncture
[13, 14]. Additionally, ultrasound can be used in both SAX and LAX to visualize
the guide wire in the 1J and confirm that the guidewire is not in the CA to avoid
accidental CA dilation and cannulation [15]. Real-time ultrasound imaging can also
potentially decrease the risk for pneumothorax by allowing for recognition of
pleural tissue.

Subclavian/Axillary Vein Cannulation

While ultrasound-guided 1J vein access provides clear complication and success
rate benefits over landmark-based techniques, evidence supporting ultrasound-
guided subclavian (SC) vein cannulation over landmark techniques is less clear.
There are studies, however, that document higher success rates with ultrasound-
guided cannulation of the SC vein as compared to landmark techniques [16, 17].
Obese patients and others with obscured external landmarks appear to benefit the
most from the use of ultrasound for SC vein cannulation [18, 19].

The ASE and SCA state that the current literature does not support the routine
use of ultrasound for uncomplicated patients undergoing SC vein cannulation.
However, these associations do indicate that high-risk patients may benefit from the
use of ultrasound to identify vessel location and patency prior to cannulation [7].

Although the supraclavicular approach is rarely used with landmark-based
techniques because of the high incidence of pneumothorax, it is being used more
frequently now as ultrasound identification of supraclavicular vessels is becoming
more commonplace. Nevertheless, the infraclavicular approach remains the most
common technique for SC vein cannulation with both landmark and ultrasound-
guided techniques. The middle third of the clavicle is typically chosen as the site for
ultrasound imaging and needle insertion. The vein and artery should be identified
just below the distal half of the clavicle (Fig. 15.7; Video 15.7). An SAX approach
is usually preferred due to the difficulty of differentiating vein and artery at this
location in the LAX. Trendelenburg position does not increase relative SC vein size
to the same degree as with the 1J vein and thus, supine positioning is commonly
used except in the case of a spontaneously breathing patient where Trendelenburg
positioning will reduce the risk for air embolism [20].

Femoral Vein Cannulation

Studies have demonstrated the benefit of ultrasound-guided femoral vein (FV)
cannulation in reducing incidence of vascular-related complications to the femoral
artery and FV as well as improved first-pass and overall success rates [21-23]
However, the evidence is insufficient to support a recommendation of routine use
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Fig. 15.7 Short axis imaging of the left subclavian artery and vein. The green arrow indicates
vein and the yellow arrow indicates artery

by the ASE and SCA [7]. The ASE and SCA recommend that ultrasound be used
only when feasible for FV cannulation to identify vessel overlap and patency.

Although infection is one of the most common complications related to femoral
catheters, the most common complication related to FV cannulation itself is vascular
injury. Of particular concern is common femoral artery puncture which would occur
when the needle is directed too laterally or when there is significant vessel
overlap. The common femoral artery is typically located at the midpoint of the inguinal
ligament connecting the anterior iliac spine to the pubic tubercle. The FV is located
just medial to the common femoral artery and it is this close anatomic relationship that
makes the use of ultrasound-guided examination prior to cannulation beneficial despite
no current recommendation for its routine use (Fig. 15.8; Video 15.8).

Ultrasound for Arterial Access

Ultrasound can be used to guide arterial access at any site at which arterial access is
typically obtained including the radial, brachial, femoral, and dorsalis pedis arteries.
The cannulation technique should not differ from the techniques used for
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Fig. 15.8 Short axis imaging of the femoral artery and vein. The green arrow indicates vein and
the yellow arrow indicates artery

ultrasound-guided central vein access. The patient should be appropriately posi-
tioned, the orientation of the ultrasound probe and its correlation with the image on
the screen should be confirmed, and measures such as a manual compression with
the ultrasound probe and color flow Doppler should be taken to appropriately
differentiate the target artery from surrounding vessels. Either the SAX or LAX can
be used to cannulate the artery (Fig. 15.9a, b; Video 15.9a, b). The catheter can be
inserted either over the needle or utilizing a guidewire.

Use of ultrasound for radial arterial access has been demonstrated to improve
both first-attempt and overall success rates and reduce time to cannulation when
compared with palpation-based techniques [24-26]. Ultrasound can be particularly
useful in patients who are obese, have low perfusion or nonpulsatile blood flow, or
who have had previous unsuccessful cannulation attempts [27]. The ASE and SCA
recognize the evidence supporting the use of ultrasound to improve first-pass
success rates but do not recommend routine use of real-time ultrasound for arterial
access [7].
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<« Fig. 15.9 a Short axis imaging of the right radial artery. b Short axis imaging of the same patient
with color flow Doppler imaging. The yellow arrow indicates the radial artery

Ultrasound for Peripheral Venous Access

Ultrasound can be used to facilitate peripheral venous cannulation, particularly in
deeper veins that are not palpable or visible. There are a number of reports of
successful use of ultrasound in both the SAX and LAX for peripheral venous
cannulation [28, 29]. Due to the collapsibility of peripheral veins, this can often be a
difficult technique to achieve. The use of a tourniquet will increase peripheral
pressure improving success (Fig. 15.10; Video 15.10). As well, a through-and-
through technique (“backwall”) may be utilized under live ultrasound guidance.
Withdrawing of the catheter slowly until blood return occurs allows the passage of a
guidewire and subsequent advancement of the catheter. Release of the tourniquet
may be necessary to advance the wire. Currently, there are no practice guidelines
recommending the routine use of real-time ultrasound for peripheral venous access.
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Fig. 15.10 Short axis imaging of a left basilic peripheral vein (green arrow)
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191-193, 193¢

Aortic regurgitation (AR)
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cusp integrity, 136
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color flow Doppler, 138
spectral Doppler, 140-141
two-dimensional assessment, 137-138
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color flow Doppler, 131
spectral Doppler, 132-136
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two-dimensional assessment, 128—131
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aortic regurgitation. see Aortic regurgitation
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cusp integrity, 136
echocardiographic evaluation, 137-143
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echocardiographic grading, 200, 201¢
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Atrial septal defect (ASD)
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echocardiographic examination for, 252,
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ostium primum, 249, 251, 252f

ostium secundum, 248-249, 251f

PFO, 248

sinus venosus, 251, 253f
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Basic examination, TEE
complications, 8-9, 8¢
contraindications, 7-8, 7t
indications, 6-7

Basic view, TTE
apical four-chamber view, 272-273
parasternal LAX view, 267-269
parasternal SAX view, 269-272
subcostal views, 273, 274f

Bicuspid mitral valve, 96

Blood flow velocity, 50, 51f

Blunt aortic injury, 202

C
Cardiac output (CO), 222
Color flow Doppler (CFD), 88, 131, 207
aortic regurgitation, quantification of
jet width to LVOT diameter, 139-140
vena contracta, 138-139, 140f
aortic stenosis, 131
hemodynamics, 116
mitral regurgitation (MR) jet, 110
PISA, 115-116, 115f
pulmonary venous flow profile, 113, 114f;
115
vena contracta, 113, 114f
Coronary artery
anatomy
LAD, 78
LCA, 78
LCx, 78
RCA, 79
17-segment model, 80, 80f
coronary perfusion, 80
mid-esophageal (ME)
long axis view, 83, 84f
two-chamber view, 83, 84f
myocardial ischemia, complications from
diastolic dysfunction, 89
myocardial infarction, 90-91
papillary muscle, 89-90
stunned myocardium, 89
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ventricular free wall rupture, 90
regional wall motion abnormality
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grading of, 85¢
M-mode, 88, 88f
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Coronary sinus (CS), 257

D
DeBakey system, 188
Diastasis, 171
Diastology
clinical implications of
intraoperative echocardiography, 180
left atrium (LA) and left ventricle (LV),
179
S-wave, 180
phases of, 170-171
properties, 170
pulse-wave Doppler echocardiography
LA inflow/pulmonary venous flow, 172,
173f
LV/transmitral inflow profile, 171-172
tissue Doppler imaging, 174175
stages of, 176¢
impaired relaxation, 176-177
pseudonormalization, 177-178
restrictive stage, 178
spectrum of, 176f
D-shaped left ventricle, 157, 158f

E
Early rapid filling, 171
Eccentricity index (EI), 158
EF. See Ejection fraction (EF)
Effective regurgitant orifice area (EROA),
115-116
EIL See Eccentricity index (EI)
Ejection fraction (EF)
ASE definition, 62
3D EF calculation, 72, 73f
visual estimation of, 63

F
Femoral vein cannulation, 287-288
Focused cardiac ultrasound (FOCUS), 266
Fractional area change (FAC), 66

RV FAC, 155
Fractional shortening, 63-66
Functional mitral regurgitation (FMR), 108

G
Global longitudinal strain (GLS), 73, 74f
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color flow Doppler, 109-110, 111f, 112f
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H
Hemodynamic assessment, 52
flow, 53-54
pressure gradient estimation, 55, 57
valvular area, 54-55
Hemodynamic compromise, 3—4, 6
examples of, 275, 276f, 277f
Hemodynamic instability, 16, 206, 207
Hemodynamics, 116
Hypovolemia
cardiac output, 222
LVEDA, 219
LVESA, 220
LVOT diameter, 220
stroke volume, 220, 222-223
VTI, 222
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Inlet VSDs, 255
Interatrial septum, 159-160
Internal jugular (IJ) vein cannulation, 286-287
Intervalvular septum, 127
Interventricular septum (IVS), 78
shape and motion of, 157-158
Intra-aortic balloon pump (IABP), 187
Isovolumetric relaxation, 171

J
Jugular vein, 282, 283f, 284, 285f. See also
Internal jugular (1J) vein cannulation

K
Knowledge
lack of, 231-232
of normal anatomy, 4, 243
of principles of echocardiography, 4, 183
TEE knowledge, 277

L

Left anterior descending (LAD) artery, 78

Left atrial appendage (LAA), 19

Left circumflex (LCx) artery, 78

Left coronary artery (LCA), 78

Left ventricular end-diastolic area (LVEDA),
66, 179, 216, 219, 224, 225¢

Left ventricular end diastolic pressure
(LVEDP), 179

Left ventricular end-systolic area (LVESA), 66,
179, 216, 219, 224, 225¢
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Left ventricular outflow tract (LVOT), 127
jet width to LVOT diameter, 139-140
pulse wave Doppler of, 132-133, 133f

Left ventricular systolic function
ejection fraction

ASE definition, 62
3D EF calculation, 72, 73f
visual estimation of, 63
fractional area change, 66
fractional shortening, 63—66
GLS, 73, 74f
LV geometry, measurements of
mass calculation, 75
wall thickness, 74
LV volumes, 67-68
modified Simpson’s method
dP/dt, 69-71
mid-esophageal four-chamber view, 68,
69
mid-esophageal two-chamber view, 68,
69
tissue Doppler imaging, 71, 72f
Long axis (LAX) view, 280, 284
mid-esophageal, 19-20, 103, 105, 113, 207¢
ascending aortic, 23-25, 38¢
AV, 29-30
descending aortic, 26-27, 39¢, 43¢
parasternal, 267-269
TG, 31-32
deep-TG, 32-34, 207t
upper esophageal (UE), aortic arch, 35, 43¢

LVEDP. See Left ventricular end diastolic

pressure (LVEDP)

M
ME views. See Mid-esophageal (ME) views
Mid-esophageal (ME) views
ascending aortic SAX and LAX views,
23-25
AV SAX, 20-21, 20f
bicaval view, 22-23, 23f
four-chamber view, 17-18
LAX view, 19-20, 20f
RV inflow—outflow view, 21-22, 22f
two-chamber view, 19, 19f
Mitral stenosis (MS)
PHT, 120, 122
PISA, 122-123, 122f
planimetry, 123
pressure gradients, 119, 120f, 121f
quantitative assessment of, 119, 119¢
two-dimensional echocardiography,
117-119
Mitral valve (ML)
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Mitral valve (ML) (cont.)
anatomy and function of
anterior leaflet, 96
bicuspid mitral valve, 96
components of, 95, 96f
mitral leaflets, 96, 98
posterior leaflet, 96
color flow Doppler
hemodynamics, 116
MR jet, 110
PISA, 115-116, 115f
pulmonary venous flow profile, 113,
1141, 115
vena contracta, 113, 114f
mid-esophgeal views
four-chamber view, 98
LAX view, 103
mitral commissural view, 103
two-chamber view, 103
MS (see Mitral stenosis (MS))
regurgitation
excessive leaflet motion, 105
FMR, 108
mechanism of, 105
normal leaflet motion, 105
restricted leaflet motion, 108
two-dimensional echocardiography,
108-109
types of, 105
TEE imaging of, 98, 100-102f
transgastric
basal SAX view, 104
two-chamber view, 104
Myocardial ischemia, complications from
diastolic dysfunction, 89
myocardial infarction, 90-91
papillary muscle, 89-90
stunned myocardium, 89
ventricular free wall rupture, 90
Myocardial performance index (MPI) 155, 157

N
National Board of Echocardiography (NBE), 5
Non-cardiac surgery, 3-5
Normal adult thoracic aortic diameters, 196,
198¢
Normal anatomic variants and misdiagnoses,
TEE
Arantius, nodules of, 237, 239f
Chiari network, 233, 234f
Coumadin ridge, 237, 239f
crista terminalis, 235, 235f
epicardial fat, 232, 233f
Eustachian valve, 233, 234f
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Lambl’s excrescences, 236, 237f

moderator band, 235

papillary fibroelastoma, 236, 238f
Normal leaflet motion, 105

(o)
Ostium primum, 249, 251, 252f
Ostium secundum, 248-249, 251f

P
PAP. See Pulmonary artery pressure (PAP)
PASP. See Pulmonary artery systolic pressure
(PASP)
Patent ductus arteriosus (PDA), 258-259
Patent foramen ovale (PFO), 159-160, 248
PDA. See Patent ductus arteriosus (PDA)
PE. See Pulmonary embolism (PE)
PEEP. See Positive end expiratory pressure
(PEEP)
Perioperative transesophageal
echocardiographic
(PTE) examination
ASE and SCA views
basic, 37-39¢
descending aortic SAX and LAX views,
26-27, 27f, 28f
ME ascending aortic SAX and LAX
views, 23-25
ME AV SAX, 20-21, 20f
ME bicaval view, 22-23, 23f
ME four-chamber view, 17-18
ME LAX view, 19-20, 20f
ME RV inflow—outflow view, 21-22,
22f
ME two-chamber view, 19, 19f
TG midpapillary SAX view, 25-26, 26f
comprehensive TEE, 397-43¢
deep TG LAX view, 32, 33f, 34
ME AV LAX view, 29-30, 30f
ME mitral commissural view, 29, 29f
TG basal SAX view, 30-31
TG LAX view, 31-32, 33f
TG RV inflow view, 34, 34f
TG two-chamber view, 31, 32
UE aortic arch LAX and SAX views,
35, 35f
TEE perioperative guidelines, 16
Plaque, 200
Positive end expiratory pressure (PEEP), 273
Pressure half time (PHT), 120, 122
Proximal isovelocity surface area (PISA),
115-116, 115f
EROA, 115-116
mitral valve area, calculation of, 122f
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Pulmonary artery pressure (PAP), 148
Pulmonary artery systolic pressure (PASP),
163
Pulmonary embolism (PE), 164, 212, 214-215
risk factors associated, 214¢
Pulmonary hypertension, adaptations to, 148
right ventricular enlargement, 149
right ventricular hypertrophy, 149-150
Pulmonary vascular resistance (PVR), 148
Pulseless electrical activity (PEA), 266

Q
Qualitative evaluation of RV, 147-148
Quantitative assessment of mitral stenosis, 119,
119¢
Quantitative assessment of RV
FAC, 155
MPI, 155, 157
TAPSE, 152, 154, 154f
TDI, 155, 157f

R
Regional wall motion abnormality (RWMA)
akinesis/dyskinesia, 87
grading of, 85¢
M-mode, 88, 88f
Rescue echocardiography
acute valvular and aortic pathology, 207
cardiac tamponade
echocardiographic diagnosis of, 209
pericardial effusions, 208
RV inflow—outflow, 210
two dimensional manifestations of, 210,
211t
cardiovascular system, 206
hypovolemia
cardiac output, 222
LVEDA, 219
LVESA, 220
LVOT diameter, 220
stroke volume, 220, 222-223
VTI, 222
left ventricular dysfunction
dagger shape, 218, 219f
FAC, 216
pathophysiologic settings, 217, 217t
low afterload, 224-225
pulmonary embolism
risk factors, 212, 214t
RV and LV dysfunction, 215
right ventricular dysfunction, 211
TEE exam, 206, 207¢
Right atrium (RA), 159, 210
Right coronary artery (RCA), 79
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Right heart, 83
RV (see Right ventricle/cular (RV))
transgastric midpapillary short axis view,
211
Right ventricle/cular (RV)
acute PE, echocardiographic findings in,
164-166
IVS, shape and motion of, 157-158
pulmonary hypertension
classification, 148, 149¢
enlargement, 149
RVH, 149-150
quantitative assessment of (see Quantitative
assessment of RV)
RA adaptation
interatrial septum position, 159-160
pulmonary artery, 163—-164
tricuspid regurgitation, 160-163
structure and function, 146-147
TEE views
ME ascending aortic short axis view,
148
ME bicaval view, 147-148
ME four-chamber, 147
ME RV inflow—outflow view, 147
TG midpapillary short axis view, 148
TG RV inflow view, 148
Right ventricular outflow tract (RVOT), 21

S
Septomarginal trabecula, 235
Short axis (SAX) view, 280, 287
mid-esophageal (ME)
aortic valve, 20-21, 241f, 253
ascending aortic, 23-24
descending aortic, 26-27, 43¢
parasternal, 270, 270f, 271, 271f, 275
end-systolic, 276f
right internal jugular vein, 281f, 283f
transgastric (TG)
basal, 30-31, 427, 104
midpapillary, 25-26, 65f, 216
upper esophageal (UE) aorta, 35-36
Society of Cardiovascular Anesthesiologists
(SCA), 6, 206
Spectral Doppler
aortic regurgitation
flow, descending aorta reversal of,
141-142, 143f
PHT, 140-141
aortic stenosis
LVOT, pulse wave Doppler of,
132-133, 133f
mean pressure gradients, 135-136
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VTI measurements, 135
Stanford system, 188
Stroke volume (SV), 220, 222-223
Superior vena cava (SVC), persistent left, 257

T
Takotsubo cardiomyopathy, 216
TEE. See Transesophageal echocardiography
(TEE)
Tetralogy of fallot (ToF), 259-260
Thoracic aorta
aortic aneurysms, 196-199
aortic atheroma, 199-201
aortic dissection
classification systems, 188
CT/MRI, 188
DeBakey system, 188
dissection flap identification, 189-191
identifying complicating pathologies,
193-196
Stanford system, 188
true and false lumens, differentiation of,
191-193, 193¢
TEE, aortic views
anatomical sections, 184
short and long axis views, 186
trauma, 202
Tissue Doppler imaging (TDI), 155, 157f
Transesophageal echocardiography (TEE)
aortic views
anatomical sections, 184
cranial aspect, 185
short and long axis views, 186
artifacts
acoustic shadowing, 241
dropout, 240-241, 240f
mirroring, 243, 244f
reverberation, 242, 243f
side lobe, 241-242, 242f
avoiding pitfalls, 243-244
basic examination
complications, 8-9, 8¢
contraindications, 7-8, 7¢
indications, 67
basic perioperative, certification in, 5-6
hemodynamic instability, 206, 207
normal anatomic variants and misdiagnoses
(see Normal anatomic variants and
misdiagnoses, TEE)
non-cardiac surgery, 3-5
reporting and image storage, 13
using TEE probe
insertion, 9
manipulation, 9-11
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orientation, 12, 12f
Transthoracic echocardiography (TTE), 4
basic view
apical four-chamber view, 272-273
parasternal LAX view, 267-269
parasternal SAX view, 269-272
subcostal views, 273, 274f
hemodynamic compromise, examples of,
275, 276f, 277f
noninvasive, 266
pseudo-PEA, 266
Tricuspid annular plane systolic excursion
(TAPSE), 152, 154, 154f
Tricuspid regurgitation (TR), 160-163
Tricuspid valve (TV), 160

U
UE aortic arch. See Upper esophageal
(UE) aortic arch
Ultrasound
arterial access, 288-289
peripheral venous access, 291
Ultrasound physics
basic, 45-46
density interfaces, 48
Doppler
blood flow velocity, 50, 51f
CFD and PWD, 52
characteristics and clinical use of, 51,
51t
effect, 50
principle, 51
Wagon Wheel effect, 52, 52f
hemodynamic assessment
flow, 53, 54
pressure gradient estimation, 55, 57
valvular area, 54, 55
history of, 46, 46f
probes
axial resolution, 48, 49f, 50
effects of, 49, 50f
lateral resolution, 48, 48f, 50
sound frequencies, 46, 47f
sound waves, characteristics of, 46, 46f
Upper esophageal (UE) aortic arch, 35
LAX views, 43¢, 35f
SAX views, 36f, 43¢

\%

Vascular access, ultrasound for
femoral vein cannulation, 287-288
1J vein cannulation, 286287
performance, 283, 284
probe orientation, 280



Index 301

proper vascular access, 279 inlet, 255
static vs. dynamic imaging, 282-283 muscular defects, 255
subclavian/axillary vein cannulation, 287 outlet, 255-256
vessel identification, 281-282 perimembranous defects, 254
vessel selection, 281 VTIL See Velocity—time integral (VTI)
Velocity—time integral (VTI), 119, 132
Ventricular septal defect (VSD) w
echocardiographic examination of, Wall motion abnormalities (WMA), 18
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