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Introduction

Echocardiography is an invaluable tool used throughout the 
perioperative period. Image acquisition and interpretation 
occur at the point of care, enabling real-time integration of 
the findings in the context of the patient’s clinical condition. 
Transesophageal echocardiography (TEE) has broad func-
tionality in the perioperative environment. TEE serves as 
an intraoperative monitor, provides detailed structural and 
functional information, facilitates diagnosis of pathology, 
and guides percutaneous interventions. Applications of TEE 
have expanded within cardiac surgery, and into the realms of 
noncardiac surgery, catheter-based procedures, and critical 
care. As the use of clinical ultrasound grows in modern anes-
thetic practice, perioperative clinicians are also beginning to 
embrace transthoracic echocardiography (TTE). Critical care 
echocardiography shares many similarities with intraopera-
tive echocardiography, but is simultaneously evolving under 
the larger umbrella of critical care ultrasonography. This 
chapter provides a historical synopsis and summary of imag-
ing techniques and echocardiographic views and discusses 
applications of TEE and TTE in perioperative care.!

History of Perioperative 
Echocardiography

INTRAOPERATIVE TRANSESOPHAGEAL 
ECHOCARDIOGRAPHY

Decades of evolution and advancement have led to the 
current state of perioperative TEE (Fig. 37.1).1 Clinical 

echocardiography first emerged in the 1950s with the use 
of motion mode (M-mode) ultrasound to record signals 
from cardiac structures.2 Nearly two decades later, the first 
intraoperative echocardiography was performed with epi-
cardial imaging.3 The first practical clinical application of 
TEE was reported in 1976.4 Soon after, a group reported 
the first use of intraoperative TEE5 and described its utility 
in monitoring left ventricular (LV) function during cardiac 
surgery.6 In the 1980s, the mounting of two-dimensional 
(2-D) transducers onto modified flexible gastroscopes7,8 
created more versatile probes, and pioneering anesthesiolo-
gists and cardiologists began to demonstrate the usefulness 
of TEE as an intraoperative monitor.9-11 Further advance-
ments such as transducers with combined 2-D and Doppler 
capabilities,12,13 biplane imaging,14 multiplane imaging,15 
and pediatric probes16 unlocked the diagnostic potential 
of intraoperative TEE. Real-time three-dimensional imag-
ing (RT-3D) entered the scene in the mid-2000s,17 and 
since then its intraoperative use has grown exponentially. 
Advances in probe technology and improved computing 
power continue to further the practicality of three-dimen-
sional (3-D) image acquisition.!

CRITICAL CARE ECHOCARDIOGRAPHY

Prior to the introduction of TEE in 1976, significant 
advances in 2-D transthoracic imaging occurred, leading 
to better visualization of cardiac structures.18-22 Produc-
tion of commercially available instruments soon followed. 
In the intensive care units (ICUs), some clinicians incorpo-
rated echocardiography in the evaluation of cardiac func-
tion in acute respiratory distress syndrome and sepsis.23,24 

KEY POINTS !"!  Perioperative applications of transesophageal echocardiography (TEE) include monitoring, 
diagnosis, and procedural guidance. The role of TEE in cardiac surgery, noncardiac surgery, 
interventional procedures, and critical care continues to evolve.

!"!  In noncardiac surgery, intraoperative TEE serves as a routine monitor or as a rescue tool in life-
threatening emergencies.

!"!  TEE aids in decision making during cardiac surgery, and three-dimensional (3-D) TEE adds incre-
mental value in intraoperative assessments.

!"!  TEE is integral to structural heart interventions and is a key component of multimodality imaging.
!"!  Echocardiography plays a vital role in the diagnosis and management of shock.
!"!  Applications of transthoracic echocardiography (TTE) in the perioperative setting are expanding.
!"!  Focused cardiac ultrasound is performed and interpreted at the point of care, and addresses 

specific questions relevant to the clinical context.
!"!  Critical care societies have proposed distinct competencies and guidelines for critical care 

echocardiography beyond those included in perioperative TEE guidelines. The skill set of the 
intensivist performing echocardiography overlaps with that of the intraoperative echocardiog-
rapher and includes other unique components.

!"!  Basic knowledge of echocardiography is an expectation of anesthesiology training.
!"!  Simulation is an effective training tool when integrated within a multimodal, curriculum-based 

approach to echocardiography education.
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TTE was not widely disseminated in ICUs, however, as the 
intensivist’s tool of choice at the time was the pulmonary 
artery catheter.25-27 During the late 1990s to 2000s, the 
use of pulmonary artery catheters declined,28-32 and TTE 
simultaneously gained more traction in the ICUs. With 
the miniaturization of equipment and emphasis on point-
of-care ultrasound, use of echocardiography as a hemody-
namic monitor and diagnostic tool in the ICU continues to 
increase.!

Principles of Ultrasound

While a thorough discussion of ultrasound physics is 
beyond the scope of this chapter, a basic understanding of 
fundamental concepts is requisite for any echocardiogra-
pher. Sound is a mechanical, longitudinal wave of vibra-
tions propagated through a medium. Several parameters 
describe sound waves including frequency, wavelength, 
amplitude, and propagation speed. Ultrasound waves are 
sound waves with frequencies above the audible human 
range (20-20,000 hertz [Hz]). Echocardiography typically 
uses frequencies between 2 and 12 megahertz (MHz). Ultra-
sound transducers use piezoelectric elements to convert 

ultrasound energy into electrical energy and vice versa. 
Transducers function both as transmitters and receivers of 
ultrasound signals. 2-D echocardiography uses a phased-
array transducer, which has a row of electrically intercon-
nected piezoelectric elements.

As ultrasound energy propagates through tissue, inter-
actions between the wave and tissue result in absorption, 
divergence, reflection, and scattering of the energy. Reflec-
tion of ultrasound energy at tissue interfaces forms the 
basis of image generation. These sound-tissue interactions 
reduce the intensity of the ultrasound signal, and this atten-
uation limits the depth of imaging. Transmitted energy at 
tissue interfaces often undergoes refraction and changes 
directions, contributing to imaging artifacts.

The accurate display of an image depends on imaging reso-
lution, components of which include spatial resolution, tem-
poral resolution, and contrast resolution (Table 37.1). Spatial 
resolution can be described according to the three beam dimen-
sions: axial, lateral, and elevational. Image formation involves 
a tradeoff between spatial resolution and depth of penetration. 
Higher frequency (shorter wavelength) transducers provide 
superior axial resolution, but limited penetration depth due 
to attenuation. Lower frequencies (longer wavelengths) pen-
etrate more deeply at the expense of axial resolution. Higher 
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Fig. 37.1 Evolution of transesophageal echocardiography (TEE) over the years from a monitoring modality to procedural adjunct. 2D, two-dimensional; 
3D, three-dimensional; CFD, color flow Doppler; CWD, continuous wave Doppler; RT3D, real-time 3D. (Modified with permission from, Mahmood F, Sher-
nan SK. Perioperative transoesophageal echocardiography: current status and future directions. Heart. 2016;102(15):1159–1167.)
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frequencies are better for imaging superficial structures; lower 
frequencies are better for deeper structures.

Formation of ultrasound images relies on several assump-
tions: (1) ultrasound energy propagates in a straight line; 
(2) all returning echoes originate from the central beam, 
which is extremely thin; (3) echoes return to the transducer 
after one reflection; (4) attenuation is constant; and (5) the 
speed of sound is constant, therefore the depth of a reflector 
is proportional to the round-trip transit time.33 Violations of 
these assumptions result in imaging artifacts. Spectral and 
color flow Doppler (CFD) and 3-D images are also suscep-
tible to imaging artifacts.!

Ultrasound Modalities

Key ultrasound modalities used in echocardiography 
include motion mode (M-mode), 2-D imaging, Doppler 
(spectral and color flow), and Doppler tissue imaging (DTI). 
Table 37.2 highlights important aspects of these tech-
niques. Additional techniques may be applied in specific 
contexts and are introduced in the next section.

STRAIN AND STRAIN-RATE IMAGING

Strain and strain-rate imaging techniques (also called cardiac 
mechanics or myocardial deformation) are used to quantify 
global and regional ventricular function. Strain is the relative 
change in shape or size of an object as a result of an applied 
force. In the context of the myocardium, it is the fractional 
change in the length of a segment relative to its baseline and 
expressed as a percentage. Positive strain indicates lengthen-
ing or thickening and negative strain represents shortening 
or thinning. Three axes are relevant to myocardial defor-
mation: longitudinal, circumferential, and radial. Normal 
deformation patterns during systole are longitudinal short-
ening (negative strain), circumferential shortening (negative 
strain), and radial thickening (positive strain).

Methods for strain analysis include DTI and the more com-
monly used speckle tracking echocardiography (STE). DTI 
measures velocities at two points in the myocardium and 
derives the strain and strain rate. STE, in contrast, tracks 
unique acoustic speckles in the myocardium over a series of 
frames and derives strain and strain rate from the change in 
distance. Duncan and colleagues have written an excellent 
review on perioperative strain and strain-rate imaging.34!

HARMONIC IMAGING

Harmonic imaging is a processing technique used to improve 
the quality of 2-D images.35 A sound wave propagates non-
linearly through tissue, distorting the wave’s shape. This 
produces harmonic frequencies, which are integer multiples 
of the fundamental frequency originally transmitted by 
transducer. Signals return to the transducer at both the fun-
damental frequency and harmonic frequencies. Harmonic 
imaging typically creates images from the second harmonic 
frequency and filters the fundamental frequency signals. 
Harmonic imaging increases contrast resolution, improves 
signal-to-noise ratio, and decreases some artifacts. Disadvan-
tages include slightly decreased spatial resolution and thick-
ened appearance of some cardiac structures.36,37!

CONTRAST ECHOCARDIOGRAPHY

Contrast echocardiography can be used to improve diag-
nostic evaluation and enhance suboptimal images.38,39 
Two methods of contrast echocardiography include injec-
tion of agitated saline or injection of commercially available 
contrast agents. Agitated saline can be used to identify the 
presence of intracardiac right-to-left shunt, because micro-
bubbles created by agitation do not cross the pulmonary 
circulation.40 Commercially available contrast agents use 
encapsulated microbubbles of high-density gas and are able 
to traverse the pulmonary circulation, allowing for opacifi-
cation of the left side of the heart. Perioperative applications 

TABLE 37.1 Components of Imaging Resolution

Description Practical points

Spatial resolution The ability to discriminate between two closely-spaced  
objects

The minimum distance necessary between two  
structures so that they are displayed as separate objects

Determines image details
Factors that improve spatial resolution often come at  

the expense of decreased temporal resolution and  
vice versa

Axial Differentiates between objects along the length of the  
ultrasound beam

Higher frequency transducers have shorter wavelengths 
and better axial resolution

Axial resolution is superior to lateral resolution

Lateral Discriminates side-to-side (or horizontal) relative to the  
direction of the beam

Determined by the beam width
Best at the focal point of the beam

Elevational Discriminates between objects vertical to the plane of  
the ultrasound beam

Determined by the beam height
Best at the focal point of the beam

Temporal resolution The ability to accurately display a structure’s motion with 
respect to time

The higher the frame rate, the better the temporal  
resolution

Factors that decrease the time to scan the sector  
(e.g., decreasing the imaging depth or creating a  
narrower imaging sector) improve temporal resolution

Contrast resolution The ability to resolve subtle differences in echogenicity,  
which are displayed as different shades of gray

Improved by harmonic imaging, use of contrast agents, 
B-color maps, and post-processing controls
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TABLE 37.2 Ultrasound Modalities

Modality Description/Features

Brightness Mode (B-mode) !"! !Depicts the strength of returning sound signals using corresponding degrees of brightness
!"! !M-mode and 2D imaging are modifications of original B-mode imaging

Motion Mode (M-mode) !"! !Displays a one-dimensional image of the motion of cardiac structures relative to time
!"! !Very high temporal resolution
!"! !Provides limited spatial information
!"! !Greatest utility in providing information about rapidly moving structures (e.g., valves, walls) in relation  

to the timing of the cardiac cycle

Two-Dimensional (2D) !"! !The mainstay of the echocardiographic examination
!"! !Scanning of repeated pulses generates an image representative of the cardiac structures with  

real-time motion
!"! !Images are produced in a sector format
!"! !Temporal resolution is less than that of M-mode

Doppler !"! !Ultrasound energy scattered from moving red blood cells shifts to a higher frequency when moving 
toward the transducer and a lower frequency when moving away

!"! !Doppler modes analyze this frequency shift and use the Doppler equation to estimate velocities of  
blood flow

!"! !Velocity (v) can be calculated as follows:

!
! !

*
*2   cos!

"

=
t

c f
v

f

Where c = the propagation speed of sound in blood (1540 m/s), #f is the difference between the  
transmitted frequency (ft) and the received frequency, and cos! is the angle of incidence between  
the ultrasound beam and blood flow

!"! !Angle-dependent
!"! !Maximum Doppler shift occurs when blood flow is directly parallel to the beam. When the incident  

angle is $ 20 degrees, the percentage error in estimating the velocity is $ 6%. At greater incident  
angles the error significantly increases.

!"! !Includes spectral (pulsed-wave, continuous wave) and color flow Doppler

Pulsed-Wave Doppler (PWD) !"! !Samples blood flow velocities at a specific location
!"! !The frequency of sampling determines the maximum velocity that can be detected and depends on 

imaging depth
!"! !This maximum velocity is half of the pulse repetition frequency and referred to as the Nyquist limit
!"! !Above the Nyquist limit, aliasing occurs. The Doppler information is displayed ambiguously, displaying 

both positive and negative velocities

Continuous Wave Doppler (CWD) !"! !Transducer continuously transmits and receives ultrasound energy along the length of the  
ultrasound beam

!"! !Allows measurement of higher velocity flows, such as those that are encountered with stenotic or  
regurgitant lesions

!"! !The location of the high velocity flow may occur anywhere along the length of the beam, a  
limitation referred to as range ambiguity

Color Flow Doppler (CFD) !"! !A form of pulsed-wave Doppler
!"! !The direction and velocity of flow are measured in multiple sample volumes within an imaging  

sector. The direction and velocity information are displayed according to a color scale
!"! !Flow data are superimposed on the corresponding 2D image
!"! !Limited by aliasing
!"! !Lower temporal resolution than 2D imaging

Doppler Tissue Imaging (DTI) !"! !Used to assess myocardial motion
!"! !Eliminates the high-velocity, low-amplitude signals from red blood cells and displays the  

low-velocity, high-amplitude signals from tissue
!"! !Angle-dependent
!"! !Does not distinguish between translational motion and contraction

of contrast echocardiography include improved endocardial 
border delineation for assessment of function, assessment of 
regional wall motion, and exclusion of intracardiac throm-
bus or mass.!

Three-Dimensional Image 
Acquisition

3-D imaging provides information that complements the 
findings from the 2-D examination. Transducers with 3-D 
capabilities contain thousands of piezoelectric elements in 
a rectangular (or matrix) array configuration and create 

pyramidal-shaped images. The optimal 3-D image involves 
tradeoffs between temporal resolution, spatial resolution, and 
sector size. 3-D imaging is susceptible to the same artifacts as 
2-D imaging and additional artifacts unique to 3-D image con-
struction. We encourage the interested reader to refer to pub-
lished 3-D echocardiography guidelines41 as well as a practical 
overview focused on intraoperative 3-D image acquisition.42

IMAGING MODES

Two-Dimensional Multiplane Acquisition
Matrix array (3-D) transducers have multiplane imag-
ing capabilities and can simultaneously display two or 
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more live 2-D imaging planes. In biplane imaging, the first 
image serves as the reference view, and the second image is 
obtained by rotating the scanning plane around the longi-
tudinal axis of the reference view. The secondary image can 
also be adjusted by tilting the imaging plane in the eleva-
tional or lateral axis. Multiplane imaging allows simultane-
ous display of multiple rotatable imaging planes (Fig. 37.2). 
Box 37.1 lists common perioperative applications of multi-
plane imaging.!
Real-Time Three-Dimensional Imaging
3-D images can be displayed live or in “real time.” RT-3D imag-
ing acquires data over a single heartbeat; some authors refer to 
this as 4-D imaging. The proprietary nomenclature varies, but 
there are three main RT-3D modes of differing sector size:
  

 "  Narrow sector: this mode displays a pyramidal volume 
with the best temporal and spatial resolution of the live 
modes. The major limitation is that it often does not 
capture an entire structure of interest (Fig. 37.3).

 "  Wide sector: this mode “zooms in” on a selected region 
of interest. There is a decrease in temporal and spatial 
resolution compared to narrow sector imaging. Images 

are easy to acquire. This mode is ideal for real-time im-
age manipulation (see Fig. 37.3).

 "  Full-volume: full-volume mode has the largest imaging 
sector. Live full-volume images have reduced temporal 
and spatial resolution. Ideally, acquisition of full-volume 
images occurs over multiple beats. Live full-volume mode 
has utility when multiple-beat acquisition is not feasible.!

Gated Acquisition
Gated acquisition divides the imaging volume into mul-
tiple narrow subvolumes that are acquired over a specified 
number of heartbeats. “Stitching” the subvolumes together 
creates the final image. In order to obtain the subvolumes 
at the same time in the cardiac cycle, image acquisition 
is gated to the R-wave of the electrocardiogram (ECG). 
Gated acquisition requires normal cardiac rhythm and the 
absence of electrical interference and respiratory variation.
  

 "  Wide sector: multiple-beat gated acquisition using wide 
sector mode significantly improves the temporal resolu-
tion of the “zoomed in” view. Spatial resolution margin-
ally improves.

 "  Full-volume: this mode has the largest sector size with 
optimal spatial resolution and high temporal resolution 
(Fig. 37.4; Video 37.1).!

Color Flow Doppler
CFD may be incorporated with any of the modalities, but leads 
to a reduction in temporal resolution. Optimal CFD images 
are obtained using R-wave gated multiple beat acquisitions.!

QUANTITATIVE ANALYSIS

Multiplanar Reformatting
Multiplanar reformatting enables alignment of orthogonal 
planes to accurately measure linear dimensions and areas 
(e.g., planimetry of stenotic orifice, annular area).!

Fig. 37.2 Simultaneous display of multiple two-dimensional scan planes by multiplane imaging. The upper left panel (yellow panel) displays the 
primary reference imaging plane. The circular icon in this panel indicates the positions of the secondary imaging planes. Images from the secondary 
planes are displayed at the top right (white panel) and bottom left (green panel). A three-dimensional representation of the imaging planes and their 
angulation is displayed at the bottom right.

!"!  Simultaneous visualization of segmental wall motion
!"!  Characterization of the mechanism and origin of valvular regur-

gitation
!"!  Procedural guidance during percutaneous closure of atrial 

septal defect
!"!  Guidance of transseptal puncture for transcatheter left atrial 

appendage and mitral valve procedures
!"!  Evaluation of the left atrial appendage morphology and exclu-

sion of thrombus

BOX 37.1 Perioperative Applications of 
Multiplane Imaging
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Fig. 37.3 Real-time three-dimensional imaging using narrow sector (top) and wide sector (bottom) modes. (A) Narrow sector imaging displays a narrow, 
pyramidal volume. (B) Wide sector imaging displays a defined region of interest selected from a larger pyramidal volume. (C) Narrow sector image of the 
mitral valve after cropping and rotating. Only a portion of the mitral valve structure is visualized. (D) Wide sector image of the mitral valve after cropping 
and rotating. The entire mitral valve structure is visualized, but at the expense of decreased spatial and temporal resolution.
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Fig. 37.4 (A) Schematic of multibeat gated full-volume image acquisition. Subvolume acquisition is gated to the R-wave of the electrocardiogram. In 
this example, subvolume acquisition occurs over five consecutive heartbeats. The individual subvolumes are then synchronized and “stitched” together 
to create a larger full-volume three-dimensional image. (B) Creation of the three-dimensional (3D) full-volume image from narrow subvolumes. (Modi-
fied from Desjardins G. Perioperative echocardiography. In: Miller R, ed. Miller’s Anesthesia. 8th ed. Philadelphia, PA: Elsevier/Saunders; 2015:1396–1428.)
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Advanced Applications
Quantitative applications exist for 3-D imaging and elimi-
nate some of the geometric assumptions required in 2-D 
imaging calculations. Example analyses include calculation 
of ventricular ejection fraction (EF), analysis of mitral valve 
structure, and dynamic annular measurements. The degree 
of automation and need for post-processing manipulation 
vary. Some analyses are performed exclusively offline, mak-
ing them useful in research, but less applicable to intraop-
erative decision making.!

Indications and Practice 
Guidelines

PERIOPERATIVE TRANSESOPHAGEAL 
ECHOCARDIOGRAPHY

The American Society of Anesthesiology (ASA) and Society 
of Cardiovascular Anesthesiologists (SCA) issued periop-
erative TEE practice guidelines in 1996, categorizing indi-
cations for TEE in various clinical settings.43 An updated 
version in 2010 recommended the indications for periop-
erative TEE based on literature review and expert opinion.44 
In the absence of contraindications, TEE should be used in 
all adult open heart and thoracic aortic surgical procedures. 
It should be considered in coronary artery bypass graft sur-
geries to confirm diagnostic information, detect pathology, 
influence the anesthetic or surgical plan, and assess surgical 
results. It is recommended that TEE be considered on a case-
by-case basis in small children undergoing cardiac surgery 
due to unique risks in this population. For catheter-based 
intracardiac procedures, the 2010 guidelines state TEE may 
be used. Separate guidelines focus specifically on the role 
of echocardiography in interventional and catheter-based 
procedures.45,46 In noncardiac surgery, TEE is indicated in 
the setting of persistent unexplained life-threatening circu-
latory instability. If the surgical procedure or the patient’s 
known or suspected pathology could result in severe hemo-
dynamic, pulmonary, or neurologic compromise, TEE may 
be used. TEE is recommended in critical care if the diagnos-
tic information is expected to alter management and can-
not be obtained by other modalities expediently. European 
guidelines offer similar recommendations for the use of peri-
operative TEE,47-49 while the American Heart Association 
(AHA) and American College of Cardiology (ACC) make 
more limited recommendations regarding specific indica-
tions for intraoperative TEE.50,51

In addition to describing indications for periopera-
tive TEE, the 1996 ASA/SCA guidelines also distinguish 
between basic and advanced levels of training.43 In 2002, 
an American Society of Echocardiography (ASE)/SCA Joint 
Task Force authored guidelines for training in perioperative 
echocardiography, defined as TEE, epicardial echocardiog-
raphy, or epiaortic ultrasonography performed in surgical 
patients immediately before, during, or after surgery.52 
These guidelines do not include TTE. Expectations for cog-
nitive and technical skills of both basic and advanced train-
ing are outlined with recommendations for the minimum 
numbers of echocardiographic examinations performed. 
Further discussion of training and certification occurs at 
the end of the chapter.!

CRITICAL CARE

Critical care societies have further defined competencies 
and applications of echocardiography in critical care 
beyond that established by the ASA/SCA guidelines. Sev-
eral internationally based expert panels have proposed 
training objectives and competency-based training 
standards in consensus statements. Similar to the dis-
tinction between basic and advanced training in periop-
erative echocardiography, these statements distinguish 
between basic and advanced critical care echocardiog-
raphy,53-56 or a basic and expert skill set.57 The Society 
of Critical Care Medicine has provided evidence-based 
recommendations for the use of bedside echocardiogra-
phy (TEE and TTE) in the evaluation of the critically ill 
patient.57!

Transesophageal Echocardiography 
Examination

CONTRAINDICATIONS AND COMPLICATIONS

TEE is a safe and relatively minimally invasive proce-
dure, although echocardiographers should be aware of 
potential complications resulting from probe insertion 
and manipulation. Table 37.3 lists absolute and relative 
contraindications to TEE. The risks and benefits must be 
carefully considered in patients with oral, esophageal, 
or gastric disease. Hilberath and associates provide an 
excellent summary on the safety of TEE, with reviewed 
studies reporting an overall complication rate in adults 
of 0.18% to 2.8% and major complication rate of 0.2% 
to 1.2%.58 A 2017 retrospective study reviewed recent 
data regarding complications in a contemporary cardiac 
surgery cohort.59 Of the 7948 patients that underwent 

TABLE 37.3 List of Contraindications to 
Transesophageal Echocardiography

Absolute Contraindications Relative Contraindications

Esophageal pathology
!"! !Diverticulum
!"! !Laceration
!"! !Stricture
!"! !Tumor

History of:
!"! !Dysphagia
!"! !Radiation to neck and chest
!"! !Upper gastrointestinal surgery

Active upper gastrointestinal 
bleeding

Recent upper gastrointestinal 
bleeding

History of esophagectomy Active peptic ulcer disease, 
esophagitis

Perforated viscus Esophageal varices
Barrett’s esophagus
Symptomatic hiatal hernia
Restricted cervical spine mobility
!"! !Atlantoaxial instability
!"! !Severe cervical arthritis
Coagulopathy or thrombocyto-

penia

Adapted from Hahn RT, Abraham T, Adams MS, et al. Guidelines for perform-
ing a comprehensive transesophageal echocardiographic examination: 
recommendations from the American Society of Echocardiography and 
the Society of Cardiovascular Anesthesiologists. J Am Soc Echocardiogr. 
2013;26(9):921–964.
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TEE, 111 (1.4%) were identified as having complica-
tions likely attributable to TEE (no other cause identi-
fied). Incidence of significant dysphagia was 0.3% and 
esophageal or gastric complications 0.9%. Independent 
risk factors associated with complications were age, 
body mass index, previous stroke, procedure other than 
isolated coronary artery bypass grafting (CABG), car-
diopulmonary bypass time, and return to the operating 
room for any reason.!

TRANSESOPHAGEAL ECHOCARDIOGRAPHY 
IMAGE ACQUISITION
Probe Manipulation and Imaging Planes
TEE probe manipulation includes withdrawal/advance-
ment, turning left/right, and angle adjustment. The 
large knob on the handle controls anteflexion/retro-
flexion and the smaller knob allows flexion to the left 
and right. TEE image acquisition occurs at four dif-
ferent levels: upper esophageal (UE), midesophageal 
(ME), transgastric (TG), and deep transgastric (DTG)  
(Fig. 37.5).!
Basic Examination
The basic perioperative TEE examination serves as an 
intraoperative monitoring tool used to identify car-
diac causes of hemodynamic or respiratory instabil-
ity.60 The basic perioperative examination includes 11 
views suited to evaluating hemodynamic instability. A 
suggested examination sequence progresses through 
the 11 views as follows: ME four-chamber (ME 4C), 
ME two-chamber (ME 2C), ME long axis (ME LAX), ME  

ascending aorta long-axis, ME ascending aorta short-
axis, ME aortic valve short-axis (ME AV SAX), ME right 
ventricular inflow-outflow (ME RV Inflow-Outflow), ME 
bicaval, TG midpapillary short-axis (TG SAX), descending 
aorta short-axis, and descending aorta long-axis.!
Comprehensive Examination
A comprehensive TEE examination enables practitioners 
with appropriate training to fully utilize the diagnostic 
capabilities of TEE. Twenty-eight views (including the 11 
basic views) are recommended for comprehensive assess-
ment (Fig. 37.6). Technical aspects of image acquisition 
have been extensively reviewed elsewhere.61 Echocardiog-
raphers should complete their examinations systemati-
cally to avoid missing key findings. As a result of individual 
patient anatomy and the time constraints of the intraop-
erative environment, not all views are obtained in every 
examination.!

Epicardial and Epiaortic Imaging

While epicardial echocardiography ushered in the era 
of intraoperative echocardiography, its use was sup-
planted by TEE. In the setting of contraindications to TEE 
or the need for better visualization of anterior structures, 
epicardial echocardiography remains an alternative 
modality.62

Epiaortic ultrasound (EAU) serves as an imaging adjunct, 
allowing visualization of the ascending aorta and aor-
tic arch, regions that are unable to be visualized on TEE. 
Detection of ascending aorta atheroma is superior with 
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Fig. 37.5 Terminology used to describe manipulation of the transesophageal echocardiographic probe during image acquisition. (A) Terminology used 
for the manipulation of the transesophageal echocardiographic probe. (B) Four standard transducer positions within the esophagus and stomach and 
the associated imaging planes. (From Hahn RT, Abraham T, Adams MS, et al. Guidelines for performing a comprehensive transesophageal echocardiographic 
examination: recommendations from the American Society of Echocardiography and the Society of Cardiovascular Anesthesiologists. J Am Soc Echocardiogr. 
2013;26(9):921–964.)
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Fig. 37.6 The 28 suggested views of the comprehensive transesophageal echocardiographic (TEE) examination. Each view is shown as a 3D image, the 
corresponding imaging plane, and a 2D image. The acquisition protocol and the structures imaged in each view are listed in the subsequent columns. 
The green boxes indicate the 11 views of the basic TEE examination. (Modified from Hahn RT, Abraham T, Adams MS, et al. Guidelines for performing a 
comprehensive transesophageal echocardiographic examination: recommendations from the American Society of Echocardiography and the Society of 
Cardiovascular Anesthesiologists. J Am Soc Echocardiogr. 2013;26(9):921–964.)
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EAU compared to that of TEE or manual palpation.63-65 
EAU impacts surgical strategy, but data as to whether this 
translates into improved clinical outcomes are limited and 
heterogeneous.63-65 Examination guidelines and example 
imaging views are available.66!

Transthoracic Echocardiography 
Examination

TRANSTHORACIC ECHOCARDIOGRAPHY IMAGE 
ACQUISITION

Three elements describe transthoracic sonographic 
views: (1) transducer position or window, (2) imaging 
plane, and (3) structures imaged. When feasible, patients 
should turn to their left side with the left hand resting 
behind the head. The main windows are parasternal, 
apical, subcostal, and suprasternal. Imaging motions 
include translation (sliding), tilting, angulation, and 
rotation.

Focused Cardiac Ultrasound Versus Limited 
Examination
With increasing use of ultrasonography at the point of 
care, it is important for the clinician to recognize the dis-
tinction between focused cardiac ultrasound (FoCUS, FCU) 
and limited TTE examination. Guidelines endorsed by sev-
eral societies describe the key differences between the two 
examinations.67,68 FoCUS is a simplified, point-of-care 
ultrasound examination that complements the physical 
examination (Box 37.2). FoCUS addresses specific ques-
tions within a given clinical context. Relevant abnormali-
ties are characterized as present or absent, and questions 
are answered in a yes/no format. In contrast, limited TTE is 
broad in scope. Interpretation includes normal, pathologi-
cal, and incidental findings, and quantitative techniques 
may be employed. Fewer images are acquired in a limited 
examination compared to a comprehensive examination.67 
Limited TTE requires a practitioner with advanced training 
and expertise.

Abnormalities identified by FoCUS require follow-up 
with formal comprehensive echocardiography. If FoCUS 
does not reveal pathology but there is clinical suggestion of 
cardiac disease, formal comprehensive echocardiography 
should also be pursued. Many FoCUS protocols exist, most 
including five key views: parasternal long-axis (PLAX), 
parasternal short-axis (PSAX), apical four-chamber (A4C), 
subcostal four-chamber (SC4), and subcostal inferior vena 
cava (SIVC) (Fig. 37.7 through 37.10; Video 37.2). Proto-
cols often incorporate lung ultrasound. For those interested 
in details of image acquisition, we refer the reader to a prac-
tical introductory primer.69!
Comprehensive Examination
A minority of anesthesiologists have the necessary train-
ing required to perform and/or formally interpret compre-
hensive TTE examinations. Standard imaging views occur 
at the parasternal, apical, and subcostal windows, plus 
the suprasternal notch. In addition to the views included 
in FoCUS, a comprehensive TTE examination includes the 

PLAX right ventricular outflow, PLAX right ventricular 
inflow, PSAX apical, PSAX mitral (basal), PSAX aortic, api-
cal right ventricle-focused, apical five-chamber (A5C), api-
cal two-chamber (A2C), apical three-chamber (A3C), and 
suprasternal notch long axis views.70!

Qualitative Assessment

VENTRICULAR SIZE AND FUNCTION

Left Ventricle
Qualitative visual assessment of LV systolic function is 
the mainstay of perioperative echocardiography. Visual 
estimation of EF by TTE correlates well with quantitative 
methods71,72 and real-time intraoperative TEE interpreta-
tion can reasonably estimate function compared to formal 
offline methods.73 Wall thickening is symmetric and vigor-
ous when LV systolic function is normal (Video 37.3). The 
key TEE views for global assessment of LV function include 
the TG SAX (Fig. 37.11), ME 4C, ME 2C, and ME LAX views 
(Fig. 37.12). Analogous TTE views are PSAX, A4C, A2C, 
and PLAX views. The TG SAX and PSAX views display dis-
tributions of all three coronary arteries.

Assessment of regional function focuses on the thicken-
ing and shortening of individual segments. Translational 
motion, tethering, or dyssynchrony due to conduction 
delay or pacing can make interpretation challenging. A 
17-segment model divides the heart into six basal segments 
(from the mitral valve annulus to the tips of the papillary 
muscles), six midpapillary level segments (from the tips to 
the base of the papillary muscles), four apical (or distal) 
segments (from the base of the papillary muscles to the LV 
apex), and the apical cap.74 The apical cap is difficult to 
visualize with TEE due to foreshortening. Segmental thick-
ening should be assessed in the context of coronary distri-
bution, recognizing variability among individuals. The left 
anterior descending artery (LAD) consistently supplies the 
anterior and anteroseptal segments and apical cap (Fig. 
37.13). The right coronary artery (RCA) supplies the right 
ventricle (RV) and the basal inferior, basal inferoseptal, and 
mid-inferior and possibly the mid-inferoseptal segments, 
the latter of which may be supplied by the LAD. The left cir-
cumflex typically supplies the lateral segments, although 

!"!  Goal-directed
!"!  Problem-oriented
!"!  Limited in scope
!"!  Simplified
!"!  Time sensitive and repeatable
!"!  Qualitative or semiquantitative
!"!  Performed at the point of care
!"!  Usually performed by clinicians

BOX 37.2 Features of Focused Cardiac 
Ultrasound

Adapted from Via G, Hussain A, Wells M, et al. International evidence-
based recommendations for focused cardiac ultrasound. J Am Soc 
Echocardiogr. 2014;27(7):683 e681–683 e633.

FoCUS, Focused Cardiac Ultrasound.
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contributions from the LAD to the anterolateral segments 
or RCA to the inferolateral segments are not uncommon.75 
Each segment should be evaluated as normal/hyperkinetic, 
hypokinetic (reduced thickening), akinetic (minimal or 
absent thickening), or dyskinetic (thinning, stretching, or 
aneurysmal). Echocardiography is more sensitive than the 
ECG in detecting ischemic changes.76!

Right Ventricle
The complex geometry of the RV makes assessment more 
challenging. Qualitatively, the RV should appear approxi-
mately two-thirds the size of the left ventricle, assessed in 
ME 4C and A4C views. Typically the right ventricle does not 
extend to the LV apex. RV hypertrophy suggests chronic pul-
monary hypertension or the presence of cardiomyopathies.

Parasternal

Subcostal

Apical

Parasternal
  long axis
    (PLAX)

Parasternal
  short axis
    (PSAX)

    Apical
4-chamber
     (A4C)

  Subcostal
inferior vena
 cava (SIVC)

 Subcostal
4-chamber
    (S4C)

Fig. 37.7 Views included in the focused cardiac ultrasound (FoCUS) examination: parasternal long axis (PLAX), parasternal short axis (PSAX), apical 
4-chamber (A4C), subcostal 4-chamber (S4C), and subcostal inferior vena cava (SIVC). The parasternal window is between the third through fifth inter-
costal space to the left of the sternum. The apical window is near the point of maximal impulse along the mid-axillary line, often near the fifth intercostal 
space. The subcostal window is just below the xiphoid, along the midline or slightly to the patient’s right. (Adapted from Via G, Hussain A, Wells M, et al. 
International evidence-based recommendations for focused cardiac ultrasound. J Am Soc Echocardiogr. 2014;27(7):683 e681–683 e633.)

A B

Fig. 37.8 Transthoracic parasternal views included in focused cardiac ultrasound. (A) The parasternal long axis view is shown. This view is analo-
gous to the transesophageal midesophageal long axis view. In transthoracic imaging, anterior structures are closest to the transducer (and therefore 
displayed at the top of the image), while in transesophageal imaging, posterior structures are in closest proximity to the transducer (and displayed at 
the top of the image). (B) The parasternal short axis view is shown. This view is analogous to the transesophageal transgastric mid-papillary short axis 
view. AoV, Aortic valve; DA, descending aorta; IVS, interventricular septum; LA, left atrium; LV, left ventricle; MV, mitral valve; RV, right ventricle; RVOT, 
right ventricular outflow tract.
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The interventricular septum provides additional infor-
mation about RV pathology. Normally, the septum curves 
toward the RV, and the LV cavity appears circular in short 
axis. In states of RV volume overload, the septum shifts 
away from the RV and flattens resulting in a D-shaped LV 
cavity mainly in mid-to-late diastole (Video 37.4). RV pres-
sure overload leads to leftward septal shift and septal flat-
tening throughout the cardiac cycle, with the changes most 
pronounced at end-systole (Video 37.5).77!

VALVULAR FUNCTION

Qualitative assessment of valvular function begins with 
sequential assessment of the valve in multiple imaging 
planes, noting the motion of the leaflets, presence of leaflet 

thickening or calcification, vegetations or masses, and addi-
tional structural abnormalities (Fig. 37.14). Malcoaptation 
and annular dilation help define the etiology of dysfunction 
in regurgitant lesions. 3-D imaging modalities clarify the 
location of structure abnormalities.

CFD provides visual information about flow through 
valves. Aliasing or turbulence of forward flow through a 
valve should prompt evaluation for additional signs of ste-
nosis. Further characterization of stenotic lesions is primar-
ily quantitative in nature. Color Doppler imaging also detects 

Fig. 37.9 Transthoracic apical four-chamber view. This view is anal-
ogous to the midesophageal four-chamber view in transesophageal 
echocardiography. LA, Left atrium; LV, left ventricle; RA, right atrium; 
RV, right ventricle.

A B

Fig. 37.10 Transthoracic subcostal views included in focused cardiac ultrasound. (A) The subcostal inferior vena cava (IVC) view is shown. The IVC 
diameter and collapsibility index are measured in this view to estimate right atrial pressure in spontaneously breathing individuals (see text). (B) The 
subcostal four-chamber view is shown. This view is useful for ultrasonographic examination during cardiac arrest, because it can be performed without 
interrupting chest compressions. LA, Left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.

Fig. 37.11 The transesophageal transgastric mid-papillary short axis 
view (TG SAX) is a common view for qualitative evaluation of global left 
ventricular systolic function. Basal and apical segments are not visual-
ized in this view, so midesophageal or TG LAX views should also be 
obtained to provide a more complete picture of the overall function. 
The TG SAX view includes myocardial segments supplied by each of 
the coronary arteries, making it useful for detection of new ischemia. 
The TG SAX view displays the mid inferior (I), mid inferolateral (IL), mid 
anterolateral (AL), mid anterior (A), mid anteroseptal (AS), and mid 
inferoseptal (IS) segments.
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Fig. 37.12 Midesophageal views for assessing left ventricular function using transesophageal echocardiography. (A) The midesophageal four-
chamber (ME 4C) view displays the inferoseptal (IS) and anterolateral (AL) walls. (B) The midesophageal two-chamber (ME 2C) view displays the inferior 
(I) and anterior (A) walls. (C) The midesophageal long axis view (ME LAX) displays the inferolateral (IL) and anteroseptal (AS) walls. LA, Left atrium; LV, left 
ventricle; RA, right atrium; RV, right ventricle.
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Fig. 37.13 Typical distributions of the right coronary artery (RCA), the left anterior descending coronary artery (LAD), and the circumflex coronary artery 
(CX) from transesophageal views of heart. The arterial distribution varies among patients. Some segments have variable coronary perfusion. ME, Mid-
esophageal; TG, transgastric; SAX, short axis. (Modified from 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):1–39 e14.)

A B

Fig. 37.14 Qualitative assessment of the aortic valve (zoomed-in transesophageal aortic valve short axis view) (A) There are three valve leaflets 
of normal thickness. Leaflet excursion appears normal. (B) There are three aortic valve leaflets which are severely thickened. Leaflet excursion is reduced. 
These qualitative findings should prompt additional quantitative assessment of valvular stenosis. L, Left coronary cusp; LA, left atrium; N, non-coronary 
cusp; R, right coronary cusp; RA, right atrium
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the presence of valvular regurgitation. The three color Dop-
pler components of a regurgitant jet are proximal flow con-
vergence, vena contracta, and jet area (Figure. 37.15). 
As blood approaches the regurgitant orifice, it accelerates, 
forming a series of hemispheric shells of increasing velocity 
and decreasing area.  This flow convergence region provides 
qualitative information about regurgitation severity and is 
also utilized in quantitative assessments.  The vena contracta 
is the narrowest portion of a regurgitant jet at or immediately 
downstream of the regurgitant orifice.78,79 The jet area pro-
vides information about the mechanism of regurgitation.  For 
example eccentric regurgitation often arises from structural 
abnormalities while centrally originating regurgitation may 
be secondary in nature. The size of the jet area is subject to 
both technical and hemodynamic limitations, so visual esti-
mation of jet area alone is not a reliable means of assessing 
regurgitation severity.

Atrial and ventricular dilation suggest chronicity of 
severe regurgitation; normal chamber size would be 
unusual in the presence of chronic severe regurgitation. 
Density and shape of the continuous-wave Doppler (CWD) 
recording of the regurgitant jet provide additional qualita-
tive information.79

An important limitation of intraoperative assessment of 
valvular regurgitation is the hemodynamic consequences of 
general anesthesia, resulting in reduced preload, afterload, 
and contractility. General anesthesia commonly reduces the 
severity of MR. Pharmacologic increase of afterload may pro-
vide more representative measurements, but may also lead to 
significant overestimation of regurgitation severity.80!

Quantitative Assessment

VENTRICULAR SIZE AND FUNCTION

Left Ventricle
Most indices of systolic function used in routine evaluation 
are load-dependent, necessitating interpretation in context 
and serial assessments due to changing intraoperative con-
ditions. Global systolic function is assessed by measuring 
the difference between an end-diastolic and end-systolic 
value of a parameter and dividing by the end-diastolic 
value. Fractional shortening uses length measurements 
and fractional area change (FAC) uses area measurements. 
Both approaches have limitations in the setting of regional 
wall motion abnormalities (RWMAs). Ejection fraction (EF) 
is the difference between the end-diastolic volume (EDV) 
and end-systolic volume (ESV), divided by EDV:

&'� (&%7å &47)
&%7

The recommended method for 2-D calculation of EF is 
the biplane method of disks (modified Simpson rule).81 
This requires tracing the endocardial border in two per-
pendicular views and assumes the LV volume consists of 
a stack of elliptical disks. The upper limit of normal for 
EDV is 74 mL/m2 for males and 61 mL/m2 for females; 
ESV is 31 mL/m2 for males and 24 mL/m2 for females.81 
Table 37.4 presents updated reference ranges for LVEF.81 
Assessment of EF using 3-D echocardiography (Fig. 

37.16) is more accurate than 2-D echocardiography.41 In 
the presence of significant valvular regurgitation, myo-
cardial contractility may be depressed and forward car-
diac output low despite a normal EF.

Additional indices of LV systolic function include DTI of 
the mitral annular systolic velocity (s%), myocardial perfor-
mance index (MPI), and the change in LV pressure over time 
(dP/dt). Pulsed-wave DTI of the myocardium at the level of 
the mitral annulus yields a myocardial velocity profile (Fig. 
37.17). The systolic velocity wave (s%) reflects the apically-
directed motion of the myocardium and correlates with 
EF. Normal s% reference ranges vary based on sex, age, and 
mitral annulus measurement size.82 MPI assesses both sys-
tolic and diastolic performance and is calculated by the sum 
of isovolumetric contraction and relaxation times divided 
by ejection time. MPI identifies impaired global function 
and has prognostic value, however it is not routinely part 
of the perioperative examination. The change in LV pres-
sure over time (dP/dt) derived from the CWD signal of MR 
provides information about LV contractility. Normal LV dP/
dt is greater than 1200 mm mmHg/s; dP/dt less than 800 
mmHg/s is consistent with severe dysfunction.83 Global 
longitudinal strain is emerging as a technique with utility 
in identifying systolic dysfunction prior to decrement in EF. 
Normal values vary across vendor platforms, but in gen-
eral, a value of !20% (or more negative) would be expected 
in normal systolic function (Fig. 37.18).!

TABLE 37.4 Classification of Left Ventricular Systolic 
Function According to Ejection Fraction

Systolic Function Male Female

Normal 52%–72% 54%–74%

Mild dysfunction 41%–51% 41%–53%

Moderate dysfunction 30%–40% 30%–40%

Severe dysfunction <30% <30%

From 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):1–39 e14.

Fig. 37.15 Mitral regurgitation displaying the three components of a 
regurgitant jet: (1) flow convergence, (2) the vena contracta, and (3) 
the regurgitant jet area.
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Right Ventricle
Parameters for assessment of RV function include FAC, vol-
umetric assessments (EF), tricuspid annular plane systolic 
excursion (TAPSE), DTI of the tricuspid annular systolic 

velocity (s%), and MPI. RV FAC is obtained by tracing the 
endocardial border in diastole and systole, from the annulus 
along the free wall (excluding trabeculations) to the apex, 
from the apex to the annulus along the interventricular 
septum, and then returning to the annular starting point. 
RV FAC is calculated as:

37 '"$� 37 &%"å37 &4"
37 &%"

����

A B

Fig. 37.16 Three-dimensional (3D) transesophageal echocardiographic measurement of left ventricular ejection fraction. (A) A full-volume 
data set of the left ventricle is displayed using multiplanar reconstruction. After manual tracing of the endocardial borders at end-diastole and end-
systole in the planes displayed in the top two panels, a semi-automated endocardial border detection algorithm tracks the borders in the remaining 
frames. (B) The yellow line displays the left ventricular volume over the duration of the cardiac cycle. Measurements reported include end-diastolic vol-
ume, end-systolic volume, stroke volume, and ejection fraction. Segmental changes in volume over the course of the cardiac cycle can also be displayed.

Fig. 37.17 Spectral Doppler tissue imaging obtained at the lateral 
mitral annulus in the midesophageal four-chamber view. The sys-
tolic waveform (s%) corresponds to the systolic tissue velocity. The two 
diastolic waveforms correspond to the early diastolic tissue velocity (e%) 
and the late (atrial) diastolic tissue velocity (a%). When obtained using 
TEE, s% is a negative waveform (directed away from the transducer), 
while e% and a% are positive waveforms. Transthoracic acquisition of 
mitral annular velocity is performed in the apical four-chamber view. In 
TTE acquisition, the s% waveform is positive, while e% and a% are negative.
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Fig. 37.18 A transthoracic “bulls-eye” plot of speckle tracking-derived 
global longitudinal strain obtained with transthoracic echocardiogra-
phy. The image depicts the 17 segments of the left ventricle and the 
peak segmental systolic strain for each segment. The dark red areas 
represent normal strain, while the light red and pink areas represent 
abnormal strain. The average global longitudinal strain in this example 
is normal (!20.8%, not displayed in the image).

Downloaded for alex arman davidson (arman@amazingstudy.tk) at Florida International University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.



37 • Perioperative Echocardiography 1209

RV FAC is expressed as a percentage and has a lower limit 
of normal of 35%.77 Estimation of RV EF using 2-D echocar-
diography requires geometric assumptions, and guidelines 
do not recommend its use.77 When expertise is available 
3-D RV EF is recommended, with less than 45% usually 
representing abnormal function.81

TAPSE is commonly used in TTE for evaluating RV longi-
tudinal function, measured by aligning the M-mode cursor 
parallel to the tricuspid annular motion in the A4C view.81 
TAPSE less than 17 mm is consistent with RV systolic dys-
function. Parallel alignment of the tricuspid annulus with 
the M-mode cursor is difficult in TEE, and ME 4C measure-
ments of TAPSE correlate poorly with TTE measurements. 
Alternative methods for measuring tricuspid annular motion 
with TEE have been explored. Anatomical M-mode measure-
ments in ME 4C and DTG 4-chamber 0-degree views dem-
onstrate agreement with TTE TAPSE.84 TEE speckle tracking 
of tricuspid annular motion has also been demonstrated to 
correlate well with TTE TAPSE85,86; whether this will have 
practical perioperative applications requires further investi-
gation. Reduction in TAPSE following cardiac surgery is well 
described. Whether reduced TAPSE reflects a true decrement 
in RV systolic function or rather geometric alteration from 
pericardiotomy remains controversial.87,88

An s% of less than 9.5 cm/s is consistent with RV dysfunction, 
but like TAPSE is an index of longitudinal excursion and may 
be reduced after cardiac surgery. A right ventricular myocar-
dial performance index (MPI) of greater than 0.43 by pulsed-
wave Doppler (PWD) or greater than 0.54 by DTI reflects 
abnormal RV function.81 RV strain and strain rate are emerg-
ing as prognostic parameters in the cardiology literature, but 
reference values are vendor specific and measurements are 
not yet routinely part of the perioperative examination.!
Diastolic Function
Many complex interactions contribute to ventricular filling 
during diastole, but the echocardiographer should have a 
basic understanding of diastolic physiology and the pro-
gression of LV filling abnormalities along a continuum of 
impaired relaxation and decreased compliance. Myocardial 
relaxation primarily affects LV filling during early diastole 
(isovolumetric relaxation and early rapid filling), whereas 
the effects of ventricular compliance predominate in late 
diastole (diastasis and atrial contraction).

Transmitral PWD flow patterns reflect changes in LV filling 
and are used to characterize the stages of diastolic dysfunction. 

Two waveforms correspond to early rapid filling (E wave) and 
atrial contraction (A wave), respectively. (Fig. 37.19). The 
E:A ratio changes with progressive diastolic dysfunction (Fig. 
37.20), and traditionally, other parameters such as isovolu-
metric relaxation time, deceleration time, pulmonary venous 
flow profiles, and propagation velocities have provided sup-
portive information when grading diastolic dysfunction. Under 
normal conditions, most ventricular filling occurs during early 
diastole (resulting from relaxation and suction forces), and 
the E:A is ratio greater than 1. Grade 1 diastolic dysfunction 
manifests as impaired relaxation with decreased early diastolic 
filling and a compensatory increase in late diastolic filling (E < 
A). Relaxation remains impaired in more advanced degrees of 
diastolic dysfunction. In grade 2 diastolic dysfunction (pseudo-
normal pattern), decreasing LV compliance leads to a rise in LV 
end-diastolic pressure (LVEDP). Ultimately an increase in left 
atrial pressure (LAP) increases driving pressures across the 
mitral valve, increasing early filling, and “normalizing” the 
E:A ratio. With progression to a restrictive pattern (grade 3 dys-
function), markedly decreased LV compliance and significantly 
elevated LVEDP and LAP result in very elevated peak E-wave 
velocity (E:A > 2) and rapid equilibration of LV and LAPs.

DTI is an important technique for evaluating diastolic func-
tion. DTI of mitral annular myocardial velocities produces two 
diastolic waveforms: e% (early diastolic tissue velocity) and a% 
(late diastolic tissue velocity), as shown in Fig. 37.17. Preload 
conditions have less effect on e% than on the transmitral E wave. 
DTI e% is reduced when impaired relaxation is present, making 

Fig. 37.19 Transmitral pulsed-wave Doppler profile demonstrating the 
peak early filling (E-wave) and flow due to atrial contraction (A-wave).
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Mitral Velocities
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Fig. 37.20 Line drawings representing simultaneous transesophageal pulsed-wave Doppler recordings from the mitral annulus are shown for normal, 
impaired, pseudonormal, and restrictive left ventricular diastolic function. The black arrows mark the deceleration time of early filling, which is the inter-
val between the peak E velocity and the point where the deceleration slope intersects the baseline. (Modified from Fig. 46.32, Desjardins G. Perioperative 
echocardiography. In: Miller R, ed. Miller’s Anesthesia. 8th ed. Philadelphia, PA: Elsevier/Saunders; 2015:1396–1428.
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this a useful parameter for assessing whether diastolic dys-
function is present or absent. Much has been published about 
site of measurement (septal vs. lateral vs. averaged) and cor-
responding normal thresholds. A lateral e% velocity of 10 cm/s 
or greater virtually excludes diastolic dysfunction (pericardial 
constriction being an exception). The E:e% ratio provides infor-
mation about LV filling pressures: usually filling pressures are 
normal when the average E:e% is less than 8, whereas average 
E:e% greater than 14 usually reflects elevated filling pressures. 
However, many factors limit the interpretation of e%, including 
mitral stenosis, significant mitral annular calcification, mitral 
valve prosthesis or ring, left bundle branch block, ventricular 
pacing, and significant MR.89

Updated ASE guidelines address the perceived complexi-
ties of diastolic function assessment and propose a simplified 
approach to evaluation. In patients with preserved EF, four 
parameters should be assessed initially: e%, E:A ratio, left 
atrial volume index, and peak tricuspid jet annular veloc-
ity.90 These updates reflect an appreciation that increased 
LA size serves as a marker of chronically elevated LVEDP. In 
patients with reduced EF, characterization of diastolic dys-
function begins with transmitral E:A ratio. These updated 
guidelines may not be generalizable to the perioperative 
period, and moreover, TEE cannot reliably assess LA size. 
There are several algorithms relevant to the perioperative 
period that can be referenced for a more in-depth review of 
diastolic dysfunction.91-93!

VALVULAR FUNCTION

Stenosis
Aortic and mitral stenosis are the most common stenotic 
lesions in the perioperative setting. Fundamental to the 
quantitative evaluation of valvular stenosis is Doppler 
echocardiography. Two key concepts underlying Doppler 
hemodynamic measurements are the continuity principle 
and the pressure-velocity relationship (see Hemodynamic 
measurements section). Recommended parameters for the 
assessment of aortic stenosis include peak aortic velocity, 
mean transvalvular gradient, and valve area calculation 
by continuity equation (Table 37.5).94 The peak gradient 
derived using echocardiography estimates the instanta-
neous peak pressure difference across the valve, whereas 
conventional catheterization data report the difference 
between peak LV and peak aortic pressures (peak-to-peak 
gradient). Dimensionless index and 3-D planimetry cor-
roborate findings obtained by recommended methods. Dis-
cordant grading of aortic stenosis by valve area and mean 
gradient requires additional evaluation of LV function, 
stroke volume (SV), and assessment of flow reserve. Rec-
ommended parameters for assessing mitral stenosis include 
gradient measurements, planimetry, and pressure half-
time.95 The continuity equation and the proximal isoveloc-
ity surface area (PISA) method may be used for additional 
information.

Limitations exist with quantitative methods. Geometric 
assumptions made when using the continuity equation 
may lead to an underestimation of calculated valve area. 
Loading conditions impact flow, and as a result, impact 
peak velocities and calculated pressure gradients. Under 
general anesthesia, gradients may underestimate the sever-
ity of stenosis. In high-flow states, elevated gradients may 
reflect high cardiac output.!

Regurgitation
Recall that the vena contracta is the narrowest portion of a 
regurgitant jet at or downstream of the regurgitant orifice.  
The vena contracta width is a semiquantitative parameter 
for grading regurgitation severity, with cutoff values dif-
fering between valves.  Pulsed-wave interrogation of flow 
patterns provides additional semiquantitative information.  
Pulmonary vein systolic flow reversal is specific for severe 
mitral regurgitation (MR) and hepatic vein systolic flow  
reversal is specific for severe tricuspid regurgitation78.* 
Holodiastolic flow reversal in the descending aorta with 
velocities sustained above 20 cm/s is specific for severe aor-
tic insufficiency.

Quantitative methods for grading regurgitation include 
calculation of regurgitant volume, regurgitant fraction, 
and effective regurgitant orifice area (EROA). Approaches 
include the stroke volume method, ventricular volumet-
ric method, and the proximal isovelocity surface area 
(PISA) method. The radius of the previously mentioned 
flow convergence region is included in the PISA calcu-
lation. The details of these approaches are beyond the 
scope of this chapter. 3-D echocardiography allows for 
measurement of vena contracta area, which may be 
advantageous in the case of multiple jets or noncircular 
regurgitant orifices.!

HEMODYNAMIC MEASUREMENTS

Cardiac Output
Doppler-based methods can be used to estimate SV and car-
diac output (Fig. 37.21). Volumetric flow or SV can be cal-
culated as a cylindrical volume as follows:

SV cm3 = CSA cm2 * VTI (cm),

where CSA is the cross-sectional area through which the 
blood flows and VTI is the velocity time integral of blood 
flow at that location. The VTI represents the distance the 
average blood cell travels during one cardiac cycle, and is 

* in the absence of conditions such as atrial fibrillation, atrioventricular dis-
sociation, or pacing with ventriculoatrial conduction.

TABLE 37.5 Parameters for Evaluating Severity of Aortic 
Stenosis

SEVERITY OF STENOSIS

Parameter Mild Moderate Severe

Peak velocity (m/s) 2.6–2.9 3.0–4.0 &4.0

Mean gradient (mm Hg) <20 20–40 &40

AVA (cm2) >1.5 1.0–1.5 <1.0

Indexed AVA (cm2/m2)* >0.85 0.6–0.85 <0.6

*In patients with small body size, aortic valve area (AVA) should be indexed 
to body surface area. A small valve area in a small patient may only 
represent moderate stenosis. Indexing to very large body surface area is 
 controversial.

Adapted from: Baumgartner H, Hung J, Bermejo J, et al. Recommendations 
on the echocardiographic assessment of aortic valve stenosis: a focused 
update from the European Association of Cardiovascular Imaging and 
the American Society of Echocardiography. J Am Soc Echocardiogr. 
2017;30(4):372–392.
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the area under the spectral Doppler envelope. Cardiac out-
put is the product of SV and heart rate.

Cardiac output calculation is typically performed at the LV 
outflow tract (LVOT). The diameter is measured in the ME AV 
LAX view using TEE and the parasternal LAX view using TTE. 
The LVOT VTI is obtained in the Deep TG LAX using TEE and 
the A5C using TTE. Potential sources of error include inaccu-
rate measurement of the LVOT diameter (with a squaring of any 
error when calculating the cross-sectional area), poor Doppler 
alignment with the blood flow, and measurement of the area 
and velocity measurements at different anatomic locations.

Many studies in surgical and ICU patients have compared 
Doppler-derived cardiac output (CO) to CO by thermodilu-
tion. Some authors interpret the literature to indicate Dop-
pler-derived measurements have good agreement with CO 
by thermodilution.96 Other authors, however, highlight the 

methodological limitations and heterogeneity of studies, and 
argue echocardiographic and thermodilution-derived CO can-
not be used interchangeably.97 Stronger evidence supports the 
use of echocardiographic-derived CO for assessing trends over 
time.97!
Continuity Principle
The continuity principle states that flow rate proximal to 
a restricted orifice equals the flow rate through the orifice. 
Applying this principle to pulsatile intracardiac flow, the 
stroke volumes proximal to (SV1) and at a restricted orifice 
(SV2) are the same.

47� � 47�
and therefore

$4"� �75*� �$4"� �75*�

BA

C

CO = SV * HR

CO = ! (LVOT diameter/2)2 *
LVOT VTI * HR

D

Fig. 37.21 Calculation of cardiac output (CO) using transesophageal echocardiography. (A) The left ventricular outflow tract (LVOT) diameter is 
measured in the midesophageal aortic valve long axis view. The cross-sectional area (CSA) of the LVOT is assumed to be circular, and is calculated as: 
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� (.)+ Xb' . (B) Velocity of blood flow through the LVOT is measured 

using pulsed-wave Doppler in the deep transgastric view. The velocity and diameter measurements should be performed at the same anatomic loca-
tion. (C) The spectral envelope is traced to determine the area under the curve, which is equal to the velocity time integral (VTI). This represents the 
distance the column of blood travels with each beat and is sometimes referred to as “stroke distance.” Stroke volume (SV) is the product of the cross-
sectional area of the LVOT and the LVOT VTI, or SV = CSALVOT * LVOT VTI. (D) CO is derived by multiplying the stroke volume (SV) by heart rate (HR), or 

CO = 3.46 cm2 * 17.6 cm * 76 bpm = 4,628 
min
ml

. In the example provided, the machine is configured to automatically calculate stroke volume and cardiac 

output as displayed in panel C.
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Common clinical applications of this equation include 
calculation of stenotic valve areas, prosthetic valve areas, 
and regurgitant orifice areas.!
Bernoulli Equation
Pressure cannot be measured directly using echocardiogra-
phy, however applications of the Bernoulli principle allow 
for estimation of gradients from velocity information (Fig. 
37.22). This technique is commonly applied to quantify the 
severity of stenosis. The modified Bernoulli equation esti-
mates the transvalvular pressure gradient (#P) as follows:

! = 4 V VP 2
2 " 2

1

where V2 represents the peak velocity at the valve and V1 
represents the peak velocity proximal to the valve. V1 is 
usually much lower than V2 and can be ignored, simplify-
ing the equation to:

! = 4 2VP
If V1 exceeds 1.5 m/s it should be included in the 

calculation.94!
Intracardiac Pressure Estimates
Right Atrial Pressure. In spontaneously breathing indi-
viduals, right atrial pressure (RAP) can be estimated from 
the inferior vena cava (IVC) diameter and collapsibility of 
the IVC during inspiration (“sniff” maneuver). The IVC col-
lapsibility index (cIVC) is defined as:

cIVC = ( max ! min)

max
* 100 %

D D

D

where Dmax is the maximum diameter on expiration and 
Dmin is the minimum diameter on inspiration. Table 37.6 
presents a simplified approach to estimating RAP using 
IVC diameter and cIVC recommended by Rudski and 
associates.77 In cases of intermediate RAP estimates, it is 

recommended to use secondary indices of elevated RAP to 
downgrade or upgrade the estimate.77!

Chamber Pressures. Velocity measurements of valvular 
regurgitation or shunt can be used to estimate chamber 
pressures using the simplified Bernoulli equation. The pres-
sure gradient (#P) reflects the pressure difference between 
the chamber where blood flow originates and blood flow is 
received. This is expressed as:

OC ! RC = 4 2VP P

where POC is the pressure in the originating chamber and 
PRC is the pressure in the receiving chamber. The equation 
can then be rearranged to:

OC = 4 2 + RCVP P

A common application is estimation of pulmonary artery 
systolic pressure (PASP) from the maximal tricuspid regur-
gitant jet velocity (Fig. 37.23). Pulmonary hypertension 
is defined as a mean pulmonary arterial pressure (mPAP) 
of 25 mm Hg or greater, which corresponds to a PASP of 
38 mm Hg. mPAP can be estimated from PASP as follows: 
mPAP = (0.61 " PASP) + 2 mm Hg.98 Alternatively, mPAP 
can be estimated using the simplified Bernoulli equation 
and the peak velocity of pulmonary regurgitation.!

Hemodynamic Failure and Shock

Hemodynamic instability and circulatory failure may occur 
at any phase in a patient’s perioperative care, and echocar-
diography provides valuable information to the operating 
room anesthesiologist and intensivist alike. Echocardiog-
raphy enables characterization of the mechanism of shock 
(cardiogenic, hypovolemic, distributive, and/or obstruc-
tive)99 and can be used for serial assessment of response 
to therapies.100 Most clinicians will apply qualitative tech-
niques during echocardiographic assessment; quantitative 
approaches also add valuable information when used by 
appropriately trained individuals.

Fig. 37.22 The transvalvular pressure gradient across a stenotic aortic 
valve is estimated using continuous wave Doppler in the transesopha-
geal deep transgastric view. The peak gradient is derived from the peak 
velocity of the spectral Doppler signal using the simplified Bernoulli 
equation. The mean gradient is the average of the instantaneous peak 
gradients throughout systole and is obtained by tracing the Doppler 
envelope. The ultrasound system will automatically calculate the mean 
pressure gradient from the tracing. The measurements in this example 
are consistent with severe aortic stenosis.

TABLE 37.6 Echocardiographic Estimation of Right 
Atrial Pressures*

RAP Estimated RAP  
(Range) (mm Hg)

IVC Diameter  
(cm)

cIVC

Normal 3 (0–5) $2.1 >50%

Intermediate 8 (5–10) $2.1 <50%

Intermediate 8 (5–10) >2.1 >50%

Elevated 15 (10–20) >2.1 <50%

*In spontaneously breathing individuals.
In the case of intermediate estimates, the presence or absence of secondary 

indices of elevated RAP can be used to better characterize the pressure 
estimate. cIVC, IVC collapsibility index (see text for definition); IVC, inferior 
vena cava; RAP, right atrial pressures.

As proposed by/adapted from Table 3 in Rudski LG, Lai WW, Afilalo J, et al. 
Guidelines for the echocardiographic assessment of the right heart in 
adults: a report from the American Society of Echocardiography endorsed 
by the European Association of Echocardiography, a registered branch of 
the European Society of Cardiology, and the Canadian Society of Echocar-
diography. J Am Soc Echocardiogr. 2010;23(7):685–713; quiz 786–688.
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VENTRICULAR DYSFUNCTION

Qualitative evaluation of biventricular systolic function 
is central to identifying the etiology of shock or hemody-
namic instability. As previously mentioned, visual estima-
tion of LVEF by experienced individuals correlates well with 
quantitative methods,71,72 and can be learned easily with 
proper feedback.101 A focused examination should iden-
tify whether significant myocardial dysfunction is present. 
Further assessment may suggest myocardial stunning or 
ischemia, especially if in a segmental distribution or acute 
in onset. This is not without limitations however, as acute 
decreases in preload can cause new RWMAs in the absence 
of ischemia.102

Takotsubo cardiomyopathy, a form of stress cardiomy-
opathy thought to result from excess catecholamine stim-
ulation, may occur with a perioperative incidence of 1 in 
6700.103 Classically described as apical ballooning and 
basal hyperkinesis in the absence of obstructive coronary 
disease (Video 37.6), it derives its name from the similarly 
appearing Japanese takotsubo octopus pot trap. Additional 
patterns of regional involvement in stress cardiomyopa-
thy include midventricular, basal, localized, or global.104 
Echocardiography allows evaluation of LV morphology and 
segmental wall motion, right ventricular involvement, and 
complications such as MR, LVOT obstruction, intracardiac 
thrombus, and cardiac rupture.104!

SEVERE HYPOVOLEMIA

Hypovolemia leads to a decrease in LV end-diastolic area 
(EDA) and end-systolic area (ESA), but at baseline there is 
wide variability in the normal ranges.105 For practical pur-
poses, qualitative assessment of chamber size provides the 
most useful information if monitored serially in the operat-
ing room or in the setting of significant hypovolemia, where 

EDA will be markedly reduced. It is important to distinguish 
hypovolemia from distributive shock, where ESA is also 
decreased but the EDA area will be normal.106 End-systolic 
cavity obliteration (sometimes described as “kissing walls”) 
is frequently associated with decreased EDA and hypovole-
mia, but may also occur in high inotropic or vasodilatory 
states.105

As previously described, IVC diameter and cIVC can be 
used to estimate the RAP in spontaneously breathing indi-
viduals.77 Central venous pressure, however, is a poor pre-
dictor of fluid responsiveness.107 Whether cIVC predicts 
fluid responsiveness during spontaneous ventilation is an 
area of active debate,108–111 and has been examined in 
several studies.112–117 In many instances, spontaneously 
breathing patients with cIVC of more than 40% to 50% will 
respond to fluid administration,112,115,117 but this is not 
found consistently,113,114 and does not necessarily identify 
nonresponders.112,115 We would encourage the reader to 
read the primary literature to gain a more in-depth under-
standing of the topic prior to attempting to use cIVC in the 
assessment of hypovolemia.

Predictors of fluid responsiveness applicable in patients 
who undergo passive mechanical ventilation, typically in 
the setting of critical illness, are covered in the Critical Care 
section of the chapter.!

LEFT VENTRICULAR OUTFLOW TRACT 
OBSTRUCTION

LVOT obstruction may precipitate significant hemodynamic 
compromise, creating a perplexing scenario of worsening 
instability despite aggressive inotropic resuscitation. LVOT 
obstruction and systolic anterior motion (SAM) of the mitral 
valve are classically associated with hypertrophic cardio-
myopathy. In the perioperative setting, LVOT obstruction 
and SAM often occur following mitral valve repair. The 
presence of LVOT obstruction in other susceptible popula-
tions is likely underappreciated, and probably results from 
a combination of anatomic predisposition and precipitating 
hemodynamic factors associated with enhanced LV con-
tractility (hypovolemia, hyperkinesis, inotropes). Anatomic 
factors include small LV cavity, basal septal hypertrophy, 
and an anteriorly-displaced mitral valve coaptation zone 
with redundant leaflet tissue.118 One series observed LVOT 
obstruction in over 20% of patients admitted in septic shock, 
and the presence of LVOT obstruction was associated with 
higher mortality.119 SAM was present in only two-thirds of 
the cases of LVOT obstruction, underscoring the complex 
mechanisms leading to clinically relevant obstruction. In 
a series of perioperative rescue echocardiograms, LVOT 
obstruction was present in 3.6% of cases.120

LVOT obstruction produces high-velocity flow in the 
LVOT. Interrogation of the LVOT with CFD reveals flow 
acceleration and turbulence. Blood flow velocity exceeds 
the Nyquist limit of PWD, so CWD is required for quanti-
fication. Visual assessment of CFD and gradual movement 
of the PW sampling volume through the LV cavity and 
LVOT can be used to estimate the location of the obstruc-
tion. In the presence of LVOT obstruction, the spectral 
Doppler profile of systolic blood flow across the LVOT is 
dagger-shaped and mid-to-late peaking (Fig. 37.24). The 

Fig. 37.23 A midesophageal modified bicaval view aligns the 
 Doppler cursor with the tricuspid regurgitant jet. Continuous wave 
Doppler measures the peak systolic velocity of the tricuspid regurgita-
tion (VTR). VTR reflects difference between the right ventricular systolic 
pressure (RVSP) and right atrial pressure (RAP), so RVSP = 4 VTR

2 + RAP. 
In the absence of right ventricular outflow tract obstruction or pul-
monary stenosis, RVSP and pulmonary artery systolic pressure (PASP)  
are essentially equal. In this example, the estimated PASP = 18 mm Hg 
+ RAP.
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M-mode of the aortic valve will demonstrate premature 
leaflet closure during mid-systole (Fig. 37.25B). Findings 
consistent with SAM include anterior displacement of the 
mitral leaflet during systole with entrainment in the LVOT 
(Fig. 37.26; Video 37.7). Variable degrees of MR may be 
present.!

CARDIAC TAMPONADE

Echocardiography readily detects pericardial fluid, which 
appears as an echolucent space adjacent to the heart. The 
physiologic significance of a pericardial effusion depends on 
both the volume and rate of accumulation. A large effusion 
may develop slowly with minimal consequence, whereas 
a rapidly accumulating effusion of small volume can have 

profound hemodynamic impact. Cardiac tamponade devel-
ops when intrapericardial pressure exceeds cardiac cham-
ber pressures, thereby compressing the cardiac chambers. 
This impairs chamber filling ultimately compromising 
cardiac output. Hemodynamic effects of tamponade occur 
along a continuum.121

Echocardiographic findings can support the diagnosis 
of cardiac tamponade in the context of relevant clinical 
findings. When intrapericardial pressure exceeds cardiac 
chamber pressures, chamber collapse may occur during 
the respective relaxation phases. The thin right atrium 
typically has the lowest pressure and usually is the first 
chamber to show collapse or inversion, which is observed 
in ventricular systole (Fig. 37.27A; Video 37.8).122,123 
Importantly, transient right atrial collapse may be present 
in the absence of tamponade, and therefore is a nonspecific 
finding. A longer duration of atrial collapse improves the 
specificity of this finding.122 RV diastolic collapse (Video 
37.9; see Fig. 37.27B) occurs later than right atrial col-
lapse in the progression of tamponade, and is a more spe-
cific finding. In a series of patients with moderate or large 
pericardial effusions, the absence of any right-sided cham-
ber collapse had a high negative predictive value for clini-
cal tamponade.124 Collapse of right heart chambers may 
not occur in settings where baseline right-sided pressures 
are elevated, such as in patients with pulmonary hyperten-
sion. Following cardiac surgery, echocardiographic find-
ings in the setting of tamponade may be atypical, including 
localized compression of cardiac chambers and accumula-
tion of clot.

In spontaneously breathing patients, a dilated IVC with 
less than a 50% decrease in diameter with deep inspira-
tion is a sensitive sign for tamponade. This combination of 
findings has poor specificity, however, because it reflects 
elevated central venous pressure.125 During spontaneous 
ventilation in the absence of pathology, there is a normal 

Fig. 37.24 A continuous wave Doppler signal characteristic of left 
ventricular outflow tract obstruction. The signal appears “dagger-
shaped,” with the peak velocity occurring in mid-to-late systole. In the 
perioperative setting, obstruction may be dynamic and unmasked by 
precipitating factors in susceptible individuals.

BA

Fig. 37.25 M-mode interrogation of the aortic valve in the midesophageal aortic valve long axis view. The cursor passes through the left atrium 
(LA), posterior aortic root, the non or left coronary cusp (N/L), the right coronary cusp (R), the anterior aortic root, and the right ventricular outflow tract 
(RVOT). (A) In the absence of obstruction to flow (or other aortic valve pathology), the motion of the aortic valve leaflets during systole creates a rectan-
gular shape. (B) In the presence of left ventricular outflow tract obstruction, the aortic valve opens normally, but closes prematurely.
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variation in the peak transvalvular flow velocities, with 
transtricuspid velocities increasing during inspiration and 
transmitral velocities decreasing. Exaggerated respiratory 
variation in transvalvular flow velocities occurs in tam-
ponade, calculated as a percentage change from expira-
tion velocity.121 In tamponade, there is usually a greater 
than 30% variation in mitral inflow velocities, and greater 
than 60% (absolute) variation in tricuspid inflow velocities. 
Exaggerated respirophasic changes in transvalvular veloci-
ties alone are insufficient to support a diagnosis of tampon-
ade. Additionally, these findings have not been validated in 
patients receiving positive pressure ventilation. In fact, in 
an experimental animal model of tamponade, the greatest 
variation in mitral inflow velocities was observed during 
the control phase, with attenuation of the variation during 

tamponade.126 Abnormal venous flow patterns in the supe-
rior vena cava (SVC) and hepatic veins can also provide 
supportive evidence of tamponade; however, analysis may 
not be feasible in at least one-third of patients due to the 
presence of TR, atrial fibrillation, paced rhythm, or tech-
nical inadequacy.124 Echocardiography frequently guides 
pericardiocentesis procedures.!

PULMONARY EMBOLISM

Acute pulmonary embolism (PE) is classified into three 
subgroups: high-risk (massive), intermediate-risk (submas-
sive), and low-risk.127,128 The presence of sustained hypo-
tension or shock (not explained by other causes) defines 
massive PE. Patients with intermediate- and low-risk PE by 

BA

Fig. 37.26 Midesophageal long axis views without (A) and with color (B) demonstrating systolic anterior motion of the mitral valve (SAM). (A) Instead of 
coapting normally, the anterior mitral leaflet (arrow) moves into the left ventricular outflow tract (LVOT) during systole. This narrows the effective out-
flow tract and can lead to dynamic obstruction to flow. (B) Turbulent flow is visualized by color Doppler in the LVOT. In this example, there is significant 
mitral regurgitation associated with SAM. LA, Left atrium; LV, left ventricle.

A B

Fig. 37.27 Echocardiographic features supporting the clinical diagnosis of tamponade. (A) Transesophageal midesophageal four-chamber view 
demonstrating a large echolucent pericardial effusion (*). Right atrial collapse (blue arrow) is present during ventricular systole (note the red marker 
on the ECG tracing after the R-wave). (B) Transthoracic parasternal long axis view also demonstrating a large pericardial effusion (*). Right ventricular 
 collapse (green arrow) during diastole is present (note the red marker on the p-wave of the ECG tracing). Right ventricular collapse is more specific 
for tamponade than right atrial collapse. Ao, Ascending aorta; IVS, interventricular septum; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right 
 ventricle.
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definition are normotensive. The groups are further delin-
eated according to RV dysfunction, myocardial injury, and 
other clinical features. When PE is suspected, the recom-
mended first-line imaging modality is computed tomogra-
phy angiography (CTA).128 Echocardiography, in contrast, 
is not recommended in the initial diagnostic evaluation of 
PE.129 When the diagnosis of PE is established, echocar-
diography has utility in risk stratification, prognostication, 
and response to therapy.128,130

In cases of suspected PE with hemodynamic insta-
bility or shock, obtaining a CTA may not be feasible. 
In this context, echocardiography has a role in refin-
ing the diagnostic assessment and management deci-
sions.128,131 Freely mobile intracardiac thrombus, or 
“clot in transit,” is visualized rarely on echocardiogra-
phy (<4% of cases), but more commonly in high-risk PE 
(22%) and is associated with worse prognosis.132 Indi-
rect signs of PE include RV dilation, RV dysfunction, and 
the 60/60 sign, which is a pulmonary ejection accelera-
tion time of less than 60 ms with a mid-systolic notch 
and a TR peak gradient between 30 and 60 mm Hg.130 
Several parameters may be used to assess RV dysfunc-
tion, including “McConnell’s sign,” TAPSE, increased 
end-diastolic RV-to-LV diameter ratio (&0.9 or 1.0), and 
interventricular septal flattening during systole, indica-
tive of pressure overload.128,130 Myocardial deformation 
as a marker of RV dysfunction is not widely used but is 
an area of investigation.130,133

“McConnell’s sign” is an echocardiographic finding of RV 
hypokinesis or akinesis with apical sparing (Video 37.10). 
It was originally reported as having a high sensitivity and 
specificity for acute PE,134 however several subsequent 
studies have demonstrated this finding to lack sensitiv-
ity.135 The absence of McConnell’s sign does not exclude 
acute PE. In many populations, McConnell’s sign is highly 
specific. Important exceptions include patients with RV 
infarction136 or pulmonary hypertension,133 where McCo-
nnell’s sign may be observed in the absence of acute PE (i.e., 
a nonspecific finding).

Few studies focus specifically on echocardiographic find-
ings in the high-risk subgroup. However, in a series of 511 
patients with confirmed PE, 16 of the patients met high-risk 
criteria.137 Interestingly, all 16 patients had RV enlarge-
ment and hypokinesis, and at least one of the following: 
McConnell’s sign, 60/60 sign, or right heart thrombus. 
Flattened interventricular system, RV free wall hypokinesis 
plus a RV-to-LV diameter ratio greater than 0.9, McCon-
nell’s sign, and right heart thrombus were observed signifi-
cantly more frequently in patients with high-risk PE than 
those without.

Recent work has sought to better define the diagnostic 
utility of echocardiography in PE (including all risk cat-
egories), especially in light of the increasing use of point-
of-care ultrasound. Meta-analysis of both formal and 
point-of-care TTE examinations in patients with clinical 
concern for PE found that echocardiographic signs of right 
heart strain (variably defined) had a sensitivity of 53% 
and a specificity of 83%.135 In the previously mentioned 
series of 511 patients, over one-third of the non-high-risk 
patients demonstrated completely normal RV morphology 
and function.137!

Intraoperative Transesophageal 
Echocardiography - Noncardiac 
Surgery

In noncardiac surgery, TEE serves two main roles:  an intra-
operative monitor and a rescue tool. TEE has been used in 
diverse operative settings including vascular, orthopedic, 
and transplant surgery. A comprehensive review on the 
topic has been published by Mahmood and colleagues.138 
The impact of TEE tends to be greater when it is used as a 
rescue tool versus as a monitor.139 The extent of the ther-
apeutic impact is difficult to quantify, however, in part 
because interpretation of “impact” is not uniform. Support-
ive or confirmatory information adds substantial value in 
many contexts. Therapeutic modifications reported as a 
result of TEE findings include initiation of pharmacologic 
therapy, fluid administration, and alteration in anesthetic 
plan or surgical procedure.138,140,141 Continuation of 
patient management without changes may also be consid-
ered a relevant impact.

MONITORING ROLE

Myocardial Ischemia
Echocardiographic changes of myocardial ischemia mani-
fest earlier than ECG changes, suggesting a potential role 
for TEE in the early detection of intraoperative ischemia. 
Current practice is to perform TEE monitoring selectively 
in patients with known risk factors or undergoing high-risk 
procedures. Early research demonstrated a 20% incidence 
of new or worsening RWMAs in high-risk patients.142 
Intraoperative RWMAs were infrequently associated with 
postoperative myocardial infarction (MI) and overall com-
plication rate was low. Another study in the 1990s con-
cluded that changes detected by intraoperative TEE added 
little incremental value in predicting risk of postoperative 
ischemic outcomes (death, nonfatal MI, unstable angina) 
compared with preoperative data and two-lead ECG moni-
toring.143 The imaging capabilities of current transduc-
ers are vastly enhanced compared to those used in earlier 
decades, and may not reflect TEE’s utility as a monitor of 
ischemia in the current era. A study of 54 high-risk patients 
undergoing vascular surgery demonstrated new RWMAs 
on intraoperative TEE in 43% of cases.144 Overall incidence 
of postoperative MI was 11%, and all patients with MI dem-
onstrated intraoperative RMWAs. Intraoperative TEE was 
a sensitive indicator of risk for postoperative MI, although 
there still were a substantial number of patients with “false 
positive” echocardiographic changes. Many questions sur-
rounding the optimal use and potential impact of TEE as 
a monitor for ischemia in high-risk settings remain unan-
swered. In the absence of patient-specific or procedural risk 
factors, the routine use of TEE during noncardiac surgery 
to monitor for myocardial ischemia is not recommended.51!
Liver Transplantation
Hemodynamic management during orthotopic liver trans-
plantation is complex, with frequent periods of instabil-
ity from potentially numerous causes.145,146 At baseline, 
patients often have high cardiac output and low systemic 
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vascular resistance with significant comorbidities. In the 
preanhepatic phase (from incision to occlusion of vascular 
inflow to the liver), hemodynamic alterations may result 
from an abrupt change in preload due to drainage of large 
volume ascites, hemorrhage, or surgical caval compression. 
TEE examination during this phase allows for characteriza-
tion of dynamic changes, as well as baseline evaluation of 
biventricular and valvular function. During the anhepatic 
phase (occlusion of inflow to the liver to unclamping of the 
portal vein), preload to the heart is decreased. If an end-to-
end interposition of the IVC is performed, complete caval 
occlusion is required and venovenous bypass may be used 
to improve preload and decrease venous congestion. A pig-
gyback technique only requires partial caval occlusion and 
venous return to the heart is usually adequate without 
bypass. TEE findings of ventricular dysfunction, diminished 
cardiac output, hypovolemia, and intracardiac thrombi 
may be present regardless of the surgical technique. The 
reperfusion phase begins with release of the cross clamp 
from the portal vein, resulting in infusion of cold, hyper-
kalemic, acidotic blood. Profound instability may result 
and even progress to cardiac arrest. TEE provides real-time 
visualization of cardiac function and filling. Over 40% of 
liver transplant patients demonstrate evidence of inducible 
LVOT obstruction on preoperative dobutamine stress echo-
cardiography,147 making this an important diagnosis to 
exclude in the setting of refractory hypotension. Inspection 
of the IVC for high-velocity or turbulent flow is also possible 
with TEE.

Esophageal varices are a relative contraindication to TEE 
and are a relevant concern in the liver transplant popula-
tion. However, the reported rate of TEE complications in 
liver transplantation is low, even in patients with known 
esophageal varices or history of upper gastrointestinal 
bleeding. A recent review suggests TEE to be safe in patients 
without grade 3 varices or active gastrointestinal bleed-
ing.146 Approaches to minimize risk include limited probe 
manipulation during the anhepatic phase and avoidance of 
TG and DTG views.!
Lung Transplantation
Intraoperative TEE provides key information in each 
phase of lung transplantation in a patient population 
with impaired cardiopulmonary reserve.148 Initial assess-
ment includes evaluation for RV dilation, hypertrophy, 
and dysfunction, which result from long-standing pul-
monary hypertension. Identification of a patent foramen 
ovale (PFO) may have clinical consequence if right-sided 
pressures exceed left-sided pressures, impacting the surgi-
cal plan. Common problems during one-lung ventilation 
and graft implantation include hypoxemia, hypercapnia, 
and elevated pulmonary vascular resistance, which may 
precipitate acute RV failure. Recognition of deteriorating 
RV function by TEE prompts initiation of inotropes or pul-
monary vasodilators. Should profound instability result, 
TEE may provide information leading to initiation of car-
diopulmonary bypass or help guide cannula placement 
for extracorporeal membrane oxygenation (ECMO). After 
reperfusion, in addition to continued assessment of biven-
tricular function, attention turns to the pulmonary artery 
anastomosis and the pulmonary veins149 for findings sug-
gestive of kinking, thrombus, or stenosis.!

Vascular Surgery/Endovascular Procedures
Patients undergoing vascular procedures are at increased 
risk of perioperative cardiovascular morbidity and mortal-
ity. Applications of TEE in this setting include monitoring 
for ischemia, assessment of systolic and diastolic function, 
and guidance for fluid resuscitation. In open abdominal 
aortic aneurysm repair, significant increases in afterload 
and wall tension occur with application of the cross clamp. 
After aortic occlusion, LVEF significantly decreases and 
EDV and ESV increase.150 New or worsening RWMAs have 
been reported in up to one-third of patients, and occur 
more frequently with suprarenal versus infrarenal clamp-
ing.151 Persistent RWMAs after several hours have been 
associated with postoperative MI.151 With unclamping of 
vessels and ensuing instability, TEE serves as an adjunc-
tive monitor as resuscitation proceeds. Over the past two 
decades, there has been a dramatic increase in endovas-
cular repairs and a decline in open vascular procedures, 
consequently impacting the anticipated anesthetic con-
cerns. Potential profound instability may be dramatically 
reduced, diminishing the value of intraoperative TEE in 
that context. However, TEE may be used to identify aor-
tic pathology, identify landing zones, and evaluate for 
endoleaks.138!

RESCUE ROLE

TEE used in the setting of unanticipated hemodynamic 
instability or cardiopulmonary arrest, also called “rescue” 
TEE, rapidly provides valuable information. Rescue TEE 
identifies causes of shock described earlier in the chapter 
(e.g., ventricular dysfunction, severe hypovolemia, LVOT 
obstruction, tamponade, and PE). Embolic phenomena 
relatively unique to the operative setting include air emboli 
during upright neurosurgical procedures and fat or cement 
emboli in orthopedic and spine surgeries.

Several series report the value of rescue echocardiog-
raphy, describing its ability to identify a cause for insta-
bility or confirm expected diagnoses.152-154 TEE aided or 
impacted clinical management in the majority of the cases. 
Rescue TEE commonly implicates LV dysfunction and 
hypovolemia in instability, although no diagnosis occurs 
with enough frequency to be predictive without perform-
ing an echocardiographic examination. In fact, in one 
series the most frequent finding was a normal examination 
or demonstration of known pathology (48%).155 Despite a 
“negative” result, the TEE findings influenced management 
in more than half of these cases, suggesting the impact of 
TEE is not confined to cases demonstrating pathology. The 
largest reported study includes 364 rescue studies (96% 
TEE) performed throughout the perioperative period (55% 
intraoperatively).120 The most common findings intra-
operatively were hypovolemia (32%) and LV dysfunction 
(11%), whereas postoperatively RV (24%) and LV (22%) 
systolic dysfunction predominated. The findings influenced 
management in 59% of cases. Information can be obtained 
quickly (<5 minutes)154 and may make an immediate 
impact. The sequence of examination and included views 
may vary among providers, but these should provide infor-
mation swiftly. One proposed rescue protocol includes a 
sequence of five views: ME 4C, ME AV LAX, ME bicaval, TG 
SAX, and descending aorta SAX.155!
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Intraoperative Transesophageal 
Echocardiography - Cardiac 
Surgery

Numerous observational studies demonstrate the impact 
of intraoperative TEE on decision making in cardiac sur-
gery. In a retrospective study of 12,566 patients, new 
echocardiographic findings on TEE prior to cardiopulmo-
nary bypass (CPB) led to changes in surgical management 
in 7% of cases.156 After CPB, TEE findings prompted return 
to CPB in 2.2% of cases. When analyzed according to sur-
gical procedure, influential new findings were demon-
strated in 5.4% of 3853 isolated CABG cases pre-CPB, and 
in 1.5% of CABG cases post-CPB with 0.8% requiring graft 
revision. A study of 521 patients undergoing CABG dem-
onstrated new pre-CPB findings influencing the surgical 
plan in 11.9% of cases, and in 0.7% of cases post-CPB.157 
In valvular surgery, an analysis of 8 studies including 
15,540 patients demonstrated the influence of TEE find-
ings on surgical decision making in 11% of cases pre-CPB 
and 4% of cases post-CPB.64

When considering the impact of TEE findings on surgi-
cal interventions, limitations should be recognized. Selec-
tion bias for the use of TEE may be present in cases where it 
is anticipated to alter decision making, especially in CABG. 
Also, many studies included PFO as a diagnosis influenc-
ing the surgical plan. In the absence of high risk for hypox-
emia and right-to-left shunting, optimal management of 
PFO when the surgical procedure does not involve atri-
otomy is unclear.158 In an observational study of patients 
undergoing cardiac surgery, newly diagnosed PFO was 
not associated with increased perioperative morbidity or 
mortality.159 PFO closure did not influence long-term sur-
vival, but was associated with higher risk of intraoperative 
stroke.

Intraoperative TEE findings provide prognostic value. 
Detection of RWMAs by TEE at any time during CABG is 
an independent predictor of postoperative MI.160 Deteriora-
tion of regional wall motion on intraoperative TEE following 
revascularization is associated with higher risk of both short-
term161 and long-term162 adverse cardiovascular events.

A general framework is useful when conducting pre-
CPB and post-CPB examinations. Prior to initiation of 
CPB, evaluation includes assessment of overall biventricu-
lar function, aortic pathology that may affect cannulation 
strategy, presence of aortic regurgitation, and identifica-
tion of unanticipated findings (e.g., severe valvular lesions, 
intracardiac thrombus). In the case of valvular surgery, 
diagnosis is confirmed and additional information regard-
ing the mechanism of dysfunction is communicated to 
the surgeon. In minimally invasive cardiac surgery, TEE 
enables visualization of wires for cannulae placement 
and can guide percutaneous coronary sinus catheter 
placement. Post-CPB examination includes assessment of 
global and regional ventricular function, appropriate seat-
ing and function of newly implanted prosthetic valves,163 
identification of any new valvular abnormalities requir-
ing intervention, and exclusion of iatrogenic aortic injury. 
Applications of TEE in the context of specific pathology 
and surgical procedures are outlined in the sections that 
follow.

MITRAL VALVE REPAIR

TEE imaging of the mitral valve has transformed surgical 
planning, particularly when assessing the suitability of 
attempted repair versus valve replacement for MR. Assess-
ment of the regurgitant valve begins with examination of the 
structure of the valve leaflets and valvular apparatus. Pri-
mary (degenerative) MR involves abnormality of the leaflets 
or valvular apparatus, whereas in secondary (functional) 
regurgitation, the valve is structurally normal with insuf-
ficient coaptation resulting from ventricular remodeling. 
The mechanism of MR is classified according to Carpentier’s 
classification of leaflet motion: type I-normal leaflet motion, 
type II-excessive leaflet motion, and type III-restricted leaf-
let motion (IIIa-restricted in systole and diastole, while IIIb 
is restricted in systole).164 Quantitative assessment is per-
formed, recognizing that intraoperative conditions often 
lead to underestimation of the severity of regurgitation.80 
3-D TEE offers enhanced spatial resolution and superior 
accuracy in localizing leaflet pathology compared to 2-D 
TEE.165-167 “En face” display of 3-D images analogous to the 
surgeon’s intraoperative view facilitates communication 
regarding structural details (Fig. 37.28). The origin of the 
regurgitation can be precisely identified using multiplanar 
reformatting 3-D technology. Vena contracta area, regur-
gitant volume, and EROA can be quantified using 3-D tech-
niques with potentially improved accuracy. At present, 3-D 
quantitative analyses are labor-intensive and time consum-
ing, making them largely impractical for routine intraop-
erative assessments.

Valve repair is often feasible in degenerative disease with  
isolated prolapse or flail, and moderate or less annular dila-
tion.79 Bileaflet disease (Barlow disease), severe annular 
dilation, rheumatic deformities, and severe mitral annular 

Fig. 37.28 En face display of a three-dimensional image of the 
mitral valve. This orientation is analogous to the viewpoint of the sur-
geon, and facilitates communication regarding the location of struc-
tural pathology. The scallops of the anterior (A1, A2, A3) and posterior 
(P1, P2, P3) mitral leaflets are labeled. AoV, Aortic valve.
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calcification are predictors of unsuccessful repair.168 Regur-
gitation recurs in a substantial proportion of patients with 
ischemic MR following repair. LV remodeling and leaflet 
tethering with apical displacement of the coaptation point 
impact the feasibility of repair of ischemic MR. Quantitative 
measurements include assessment of the tenting height 
(the perpendicular distance from the plane of the mitral 
annulus to the point of leaflet coaptation) and systolic tent-
ing area (area enclosed by the mitral annular plane and 
closed leaflets). Tenting height of 11 mm or greater is asso-
ciated with recurrent MR. On intraoperative TEE, mitral 
diastolic annular diameter of 37 mm or greater, tenting 
area of 1.6 cm2 or greater, and severe MR are associated 
with high probability of repair failure.168

Additional considerations in the pre-bypass echocardio-
graphic evaluation include predictors of post-repair SAM of 
the anterior mitral leaflet, which commonly reflect anterior 
displacement of the coaptation point. This may take the 
form of reduction in distance between the coaptation point 
and the septum (C-sept distance < 2.5 cm) or a relatively 
elongated posterior leaflet (anterior to posterior leaflet ratio 
of $ 1.3 or posterior leaflet height > 1.5 cm), and narrow 
aorto-mitral angle.169,170 Other SAM predictors include 
basal septal hypertrophy (>15 mm), small LV cavity, and 
anterior displacement of the papillary muscles.

Immediately following separation from CPB, echocar-
diography assesses for significant regurgitation, stenosis, 
or dynamic LVOT obstruction due to SAM. Stability of the 
ring and normal leaflet motion should be demonstrated. 
Any residual regurgitation should be no more than mild 
and transvalvular. Should SAM occur, management steps 
include administration of fluid and discontinuation of any 
inotropes. If SAM persists, the next therapeutic maneu-
vers are administration of beta blockers and increase in 
afterload. The effect of these interventions can be read-
ily observed on TEE. SAM will improve or resolve in most 
patients, and long-term follow-up demonstrates low inci-
dence of SAM, favoring conservative management.171 Per-
sistence of significant SAM requires revision. Assessment 
of mitral inflow typically involves measurement of trans-
valvular gradient, recognizing this is dependent on cardiac 
output.!

TRICUSPID VALVE REPAIR

Increased recognition of the adverse prognostic effects of 
TR has stimulated interest in tricuspid valve pathology. 
After surgical correction of left-sided valvular heart dis-
ease, severe secondary TR often fails to improve. Even mild 
or moderate secondary TR may progress if uncorrected. 
Current AHA/ACC guidelines recommend tricuspid valve 
repair for severe TR at the time of left-sided valve surgery.50

The decision to intervene upon less than severe TR at 
the time of left-sided valve surgery is more complex. When 
not intervened upon at the time of left-sided valve sur-
gery, mild or moderate TR progresses in approximately 
25% of individuals.50 Annular dilation strongly factors in 
the decision to intervene early. Individuals with mild or 
greater TR and either annular dilation (diastolic diameter 
of > 40 mm or > 21 mm/m2) or evidence of prior right-
sided heart failure can benefit from concomitant tricuspid 
valve repair (type IIa recommendation). In the absence 

of tricuspid annular dilation, tricuspid valve repair may 
be considered during left-sided surgery when moderate 
TR and pulmonary hypertension are present (type IIb 
recommendation).

The structure of the tricuspid valve is complex. Because 
the annulus is nonplanar and the valve leaflets unequal 
in size, it can be difficult to visualize all three leaflets in 
the same 2-D imaging plane. The anterior location of the 
valve (far field in the scanning plane) and the thin leaf-
lets also limit 2-D TEE imaging. Measurement of annular 
diameter by 2-D TTE typically occurs in the A4C view,172 
however this one measurement may not accurately 
reflect the degree of dilation and has underestimated 
maximal diameter compared to 3-D TEE.173 Studies of 3-D 
TEE have enhanced our understanding of annular dila-
tion in the septal-to-lateral dimension, the progression 
from an oval to more circular shape, and the accompany-
ing changes in annular dynamism.174,175 Use of 3-D color 
may improve quantitative assessment of regurgitation 
severity,172 however in the intraoperative environment, 
underestimation of TR is not unexpected. Technologies 
using 3-D TEE will continue to fill a larger role in the eval-
uation of TR.!

AORTIC DISSECTION

Acute type A aortic dissection has high morbidity and mor-
tality. Accurate diagnosis is paramount to rapid treatment. 
The preferred diagnostic approach under most circum-
stances is CTA, which identifies dissection with a sensitiv-
ity of 100% and specificity of 98%.176 In some cases, TEE 
may be performed more readily than CTA. TEE performs 
with slightly lower sensitivity (86%-100%) and specific-
ity (90%-100%), although in many studies TEE performs 
with comparable specificity to CTA.176,177 TEE imaging 
challenges include a blind spot in visualization of the distal 
ascending aorta and proximal arch due to interposition of 
the left mainstem bronchus between the aorta and esopha-
gus. Imaging artifacts in the near field are common because 
of reverberation and refraction (especially in the presence 
of a pulmonary artery catheter) and may be erroneously 
interpreted as an intimal flap.

Intraoperative TEE during surgical intervention further 
defines features of the dissection. Measurements of the 
aortic annulus and root are performed, effacement of the 
sinotubular junction excluded, and structure and func-
tion of the aortic valve assessed. Mechanisms of aortic 
insufficiency include regurgitation due to a bicuspid valve, 
extension of the intimal flap to the annulus causing asym-
metric leaflet prolapse, malcoaptation due to root dilation, 
and prolapse of the intimal flap preventing complete leaf-
let closure.178 This mechanistic information influences 
whether valve repair is feasible and may lead to modifica-
tion of the planned surgical procedure.179 Further assess-
ment includes examination of the true and false lumens. 
Blood flow may be visualized across the intimal flap. Usu-
ally the true lumen will expand during systole, which can 
be appreciated using M-mode echocardiography. The false 
lumen often demonstrates diastolic expansion and spon-
taneous echo contrast. Due to the complex nature of some 
dissections, it may be difficult to determine the true and 
false lumens accurately.!
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MECHANICAL CIRCULATORY SUPPORT (MCS)

Durable Mechanical Circulatory Support
Approximately 2500 durable left ventricular assist devices 
(LVADs) are implanted annually in North America, nearly 
half of which are destination therapy.180 Intraoperative 
TEE confirms known pathology and is integral for iden-
tifying abnormalities that may require additional inter-
vention.181-183 Prior to implantation, echocardiographic 
assessment includes examination of biventricular size and 
function, and evaluation for intracardiac shunt (including 
PFO) and intracardiac thrombus. Preexisting valvular dys-
function is characterized. Greater than mild aortic insuf-
ficiency, moderate or greater mitral stenosis, and moderate 
or greater tricuspid insufficiency may require additional 
valvular procedures. An existing mechanical aortic valve 
may require replacement due to the risk for thrombus for-
mation secondary to decreased transvalvular flow after 
LVAD implantation. Echocardiographic predictors of RV 
failure following LVAD implantation have been an area 
of considerable investigation, including the newer myo-
cardial deformation techniques. At this time no measures 
reliably predict the need for biventricular mechanical 
support.183

During device implantation, TEE guidance facilitates 
appropriate apical positioning of the inflow cannula. Post-
implantation assessment includes LV size, degree of LV 
decompression, RV function, reassessment for PFO, and 
frequency and extent of aortic valve opening. Assessment 
of LV unloading includes determination of overall cham-
ber size and the position of the interventricular septum, 
which should be midline rather than bowing toward either 
chamber. As LVAD speeds are increased, parameters are 
frequently reassessed, especially if there is concern for mar-
ginal RV function. An appropriately positioned inflow can-
nula should be in the apex, directed toward the mitral valve, 
and should not interfere with the subvalvular apparatus. 
Acute angulation of the inflow cannula toward the septum 
may lead to cannula obstruction. Typical inflow velocity  
is 1.5 m/s or less. Imaging artifacts with newer-generation 
LVADs may preclude spectral Doppler and color flow assess-
ment of the cannula. The outflow graft–ascending aorta 
anastomosis may be visualized in ME or UE views. An out-
flow velocity of 2 m/s or greater raises concern for obstruc-
tion, although normal values for newer generation devices 
may be higher.183,184 The mid-portion of the outflow graft 
can also be visualized along the right side of the heart, but 
should not cause compression.!
Temporary Mechanical Circulatory Support
Common percutaneous devices for temporary MCS include 
intraaortic balloon pumps, ECMO, Impella percutaneous 
ventricular assist devices (Abiomed, Danvers, MA), and 
TandemHeart percutaneous ventricular assist devices (Car-
diacAssist, Pittsburgh, PA). Surgically implanted devices 
are options when longer duration of temporary support is 
anticipated. Appropriate device position depends on the 
specific technology and may be facilitated by TEE guid-
ance.183,185 When assessing for myocardial recovery, TEE 
may add to the information provided by hemodynamics 
and has been incorporated into some venoarterial extracor-
poreal membrane oxygenation weaning protocols.186!

CONGENITAL HEART SURGERY

In congenital heart surgery, TEE provides diagnostic infor-
mation, contributes to surgical planning, identifies residual 
defects after repair, and influences postoperative medical 
management.187 As TEE has been more widely applied in 
congenital heart surgery, contemporary studies report pre-
CPB findings altering the surgical procedure in approxi-
mately 1% to 9% of cases and residual lesions requiring 
surgical revision in approximately 4% to 6% of cases, with 
greater impact in more complex cases.188-191 When includ-
ing return to CPB for brief ventricular support or an assist 
device, TEE has impacted surgical interventions in close 
to 13% of cases.189 TEE further influences pharmacologic 
management and provides new diagnostic information. 
Epicardial imaging may provide complementary informa-
tion to TEE when assessing pulmonary arteries and coro-
nary arteries during pediatric congenital heart surgery.192 
There is a limited body of literature suggesting that intra-
operative TEE in pediatric cardiac surgery has cost-saving 
benefits.193!

OTHER SURGICAL PROCEDURES

The intraoperative echocardiographer encounters many 
scenarios where valvular disease requires surgical inter-
vention, including native and prosthetic valve dysfunc-
tion. TEE confirms the preprocedure diagnosis and may 
refine the location of structural abnormalities. Surgical 
intervention for endocarditis prompts TEE evaluation for 
vegetations on other valves and the presence of abscess 
cavities. Other cardiac surgical procedures that commonly 
rely on intraoperative TEE include minimally invasive 
approaches (valve repair/replacement and CABG), car-
diac mass removal, heart transplantation, and pulmonary 
thromboendarterectomy.!

Intraprocedural Transesophageal 
Echocardiography- Structural 
Heart Interventions

Innovations in percutaneous technologies have led to excit-
ing growth in the management of structural heart disease, 
extending treatment to patients with previously limited 
therapeutic options. The section that follows elaborates on 
the role of echocardiography in a few of these percutaneous 
procedures.

TRANSCATHETER AORTIC VALVE REPLACEMENT

First approved for commercial use in Europe in 2007 and 
the United States in 2011,194 transcatheter aortic valve 
replacement (TAVR) has revolutionized the treatment para-
digm for aortic stenosis. TAVR is indicated for the treatment 
of extreme- and high-risk populations with severe symp-
tomatic aortic stenosis and it is a reasonable alternative in 
patients with intermediate surgical risk.195 The number of 
procedures performed annually continues to grow.196 Com-
prehensive resources are available detailing the periproce-
dural echocardiographic imaging for TAVR.197,198
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Valve Sizing
Annular dimensions guide appropriate sizing of the trans-
catheter valve. The preferred imaging modality for annular 
size measurements is multidetector computed tomography 
(MDCT).199 As compared to MDCT, 2-D TTE and TEE rou-
tinely underestimate annular size because of the elliptical 
shape of the aortic valvular complex.200,201 3-D TEE yields 
larger annular size measurements than 2-D TEE.202,203 Mea-
surements obtained by 3-D TEE may underestimate204-206 
or be comparable to200,203,207 MDCT measurements. Both 
MDCT208,209 and 3-D TEE205,210 have been used to predict 
postimplantation paravalvular regurgitation. Automated 
3-D TEE software is under investigation, demonstrating 
reproducibility and good agreement with MDCT-based 
prosthesis sizing.211,212!
Intraprocedural Examination
At the beginning of the procedure, echocardiographic 
assessment includes not only evaluation of the aortic valve, 
but also determination of biventricular function, assess-
ment of other valvular abnormalities, characterization of 
any preexisting pericardial effusion, and identification of 
other features of procedural significance, including small LV 
cavity and basal septal hypertrophy. When the procedure 
is underway, wire and device position can be guided with 
echocardiography, although often fluoroscopy is the pri-
mary tool. Ideal valve position prior to deployment depends 
on valve design (e.g. self-expanding or balloon-expandable).

Following implantation of the valve, an integrated asse-
ssment using fluoroscopy, invasive hemodynamics, and 
echocardiography provides information about valve posi-
tion, severity of paravalvular regurgitation, and transval-
vular gradients. Early recognition of unfavorable results 
allows for further interventions such as balloon dilation 
or implantation of a second device. Echocardiography 
excludes other complications, including functional mitral 
stenosis, new pericardial effusion, new RWMAs (potentially 
due to coronary obstruction), and aortic injury.!
Transesophageal Echocardiography Versus 
Transthoracic Echocardiography
Active debate surrounds the optimal anesthetic 
approach213 and intraprocedural imaging strategy214 for 
transfemoral TAVR. Original TAVR clinical trials were 
performed under general anesthesia with intraproce-
dural TEE.215,216 However technology has improved and 
procedures are of shorter duration, making procedures 
under monitored anesthesia care or with nursing-admin-
istered sedation feasible. High-volume centers employ 
these techniques along a spectrum, ranging from 100% 
general anesthesia, to using both sedation and general 
anesthesia, to nearly 100% of cases with sedation.217 
In the United States from 2012 to 2015, use of general 
anesthesia decreased from 97.6% to 82.6%, while use of 
moderate sedation increased from 2.2% to 16.6%.196 In 
a 2015 survey of 250 centers representing 38 countries, 
general anesthesia was the most common technique in 
60.1% of centers, with 39.5% of the total centers report-
ing exclusive use of general anesthesia.218 Forty-six per-
cent of centers reported systematic use of intraprocedural 
TEE; 62% and 31% of centers reported use of TEE and 
TTE, respectively, for assessment of aortic regurgitation 

following device implantation.218 Despite the increasing 
shift away from general anesthesia and consequently 
TEE, use of intraprocedural TEE may be preferable for 
monitoring patients at high risk for coronary occlusion 
or annular rupture, reducing intravenous contrast expo-
sure in high-risk patients, and providing secondary mea-
surements for valve sizing.219

Because intraprocedural TEE is often performed in the 
setting of general anesthesia, it is difficult to assess the inde-
pendent effects of general anesthesia or echocardiographic 
modality on outcomes. In a study comparing general anes-
thesia to nongeneral anesthesia in transfemoral TAVR, the 
majority of patients receiving general anesthesia had intra-
procedural TEE, while TEE was performed in a minority of 
cases without general anesthesia. Propensity-matched anal-
ysis adjusted for type of anesthetic did not demonstrate sig-
nificant differences in rates of successful valve deployment, 
more-than-mild aortic regurgitation, or other complications 
in patients that had an intraprocedural TEE versus those that 
did not.220 A retrospective study of 454 consecutive patients 
undergoing transfemoral TAVR with either TTE under mod-
erate sedation (n = 234) or TEE under general anesthesia (n 
= 220) showed no difference in the incidence of at least mild 
paravalvular regurgitation at hospital discharge (33% in 
TTE group vs. 38% TEE group, respectively P = .326).221 The 
TTE group did however have a significantly higher incidence 
of second valve implantation (7% vs. 2%, P = .026) and post-
dilation (38% vs. 17%, P < .001).221 Many retrospective 
studies are confounded by chronology bias—use of primar-
ily TEE early on with a transition to TTE occurring after the 
development of procedural expertise. Additionally, findings 
with earlier generations of valves may not be applicable to 
the current generation used in clinical practice. While cur-
rent studies do not allow definitive conclusions to be drawn 
about TEE versus TTE in TAVR, they represent initial steps in 
tackling these questions.!

TRANSCATHETER MITRAL VALVE REPAIR

Percutaneous treatment of MR with the MitraClip procedure 
(Abbott Vascular-Structural Heart, Menlo Park, CA) uses 
a clip to grasp and appose the free edges of the anterior and 
posterior mitral leaflets at the site of regurgitation, creating a 
double orifice similar to that of the surgical Alfieri technique. 
In the United States, MitraClip was initially approved for the 
treatment of severe primary (degenerative) MR in patients 
with prohibitive surgical risk. In Europe, percutaneous valve 
repair has also been used for the treatment of secondary (func-
tional) MR.  In both patient populations, impact of treatment 
and long term outcomes are areas of active investigation.222 
Several randomized trials now include patients with secondary 
MR223–225, and the body of literature is rapidly growing.  As 
of 2019, indications for MitraClip therapy in the United States 
have expanded to include patients with significant secondary 
MR despite optimal medical therapy. 

Echocardiographic imaging is essential in determining 
the suitability for the procedure, providing intraprocedural 
guidance, and evaluating procedural success.226 Preopera-
tive echocardiography characterizes the anatomic features 
of the valve, examines the subvalvular apparatus, and 
provides qualitative and quantitative assessments of the 
severity of the regurgitation. Optimal morphologic features 
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are based on the EVEREST study inclusion and exclusion 
criteria, and include regurgitation central in origin (A2/
P2), lack of calcification in grasping area, mitral valve area 
greater than 4 cm2, small flail gap (<10 mm), and narrow 
flail width (<15 mm).227 Intraprocedural TEE, in combina-
tion with fluoroscopy, guides interatrial septal puncture and 
advancement of the catheter into the LA (Fig. 37.29). Under 
TEE guidance, the clip is aligned above the leaflets with the 
arms perpendicular to the line of coaptation. Once satisfac-
tory position is obtained, the device system is advanced into 
the left ventricle (Fig. 37.30). Live echocardiographic imag-
ing is often utilized as the system is slightly withdrawn so 
the clip grasps the leaflets; confirmation of bileaflet capture 
and assessment of the regurgitation severity is performed 
prior to clip deployment. Presence of significant residual or 
worsened MR, or evidence of mitral stenosis by echocardiog-
raphy may prompt repositioning of the clip. Regurgitation 
and stenosis are quantified after deployment; placement of a 
second clip may be indicated if significant MR remains.!

OTHER PERCUTANEOUS STRUCTURAL HEART 
PROCEDURES

TEE serves as a standard imaging modality in numerous 
other catheter-based procedures, including atrial sep-
tal defect closures, ventricular septal defect closures, LA 
appendage occlusion, valve-in-valve therapies for failed 
prostheses, and paravalvular leak closures. Echocardiogra-
phy during these procedures assesses the suitability of the 
intervention, provides real-time guidance, and assesses the 
effectiveness of the intervention. Transcatheter techniques 
under investigation include mitral valve replacement228 
and therapies directed at TR, including valve annuloplasty, 
techniques targeting leaflet coaptation, and caval valve 
implantation.229,230!

Emerging Technologies

FUSION IMAGING

Multimodality imaging is essential for planning and execu-
tion of percutaneous structural heart procedures. Interven-
tional cardiologists use echocardiographic and fluoroscopic 
data simultaneously to guide catheter manipulation and 
device deployment. Often these images are displayed on sepa-
rate screens, which can provide challenges as the procedural-
ist must combine the information to reconstruct a mental 3-D 
representation of the structures. Fusion of echocardiographic 
and fluoroscopic images provides simultaneous visualization 
of catheter movements with cardiac structures. Currently a 
technology in development, the optimal applications will be 
better characterized in the coming years.231,232!

THREE-DIMENSIONAL PRINTING

3-D models of valvular structures and complex congenital 
heart defects can be printed from echocardiographic and 
other imaging data sets. Visual and tactile interactions with 
the models allow for improved understanding of structural 
interactions and abnormalities. At present, 3-D printing in 
this context is most relevant as a training and simulation 
tool, but patient-specific models can be used to optimize pre-
procedural planning.233 Model quality depends on the qual-
ity of the imaging data. High cost, long printing times, and 
lack of materials capable of replicating tissue structural prop-
erties limit perioperative applications of 3-D printing.234!

ARTIFICIAL INTELLIGENCE/MACHINE LEARNING

Artificial intelligence and its subfield, machine learn-
ing, permeate everyday life. The quest to apply these 

Fig. 37.29 Biplane imaging of modified midesophageal aortic valve short axis (left) and bicaval (right) views. Live biplane imaging is an essential tool in 
guiding puncture of the interatrial septum in catheter-based procedures entering the left side of the heart.
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technologies to questions in medicine is no exception. Arti-
ficial intelligence is a branch of computer science focused 
on development of computer systems capable of emulating 
human intelligence, including aspects such as learning, 
knowledge retention, problem solving, and reasoning.235 
Machine learning focuses on the development of predic-
tive models where rules are learned from data rather than 
explicitly programmed.236 Currently, many 3-D echocar-
diography platforms require manual, time-consuming user 
input for quantitative analysis, making their routine use in 
the operating room impractical. While not yet mainstream, 
automated analysis platforms using artificial intelligence in 
echocardiography exist, including mitral and aortic valve 
analysis in 3-D TEE237 (Fig. 37.31) and automated cham-
ber quantification in 3-D TTE.238-240 Outside of the periop-
erative arena, machine learning has been applied to 2-D 
TTE assessment of LV hypertrophy phenotypes.241 Refine-
ment and continued development of such technologies con-
ceivably could provide complex, quantitative valvular and 
ventricular analyses under dynamic conditions, improving 
accuracy and reducing inconsistencies in interpretation.!

Perioperative Transthoracic 
Echocardiography and Focused 
Cardiac Ultrasound

While TEE has historically been the principal modality 
of perioperative echocardiography, TTE is emerging as a 
relevant and feasible counterpart. Anesthesiologists with 
substantial echocardiography experience have initiated 

preoperative TTE consult services, providing echocardio-
graphic examination and interpretation when indicated 
during preoperative evaluation.242-245 Echocardiographic 
findings have led to management changes in 54% to 84% 
of cases, including modification of the planned anesthetic 
approach and influencing decision making regarding the 
need for additional preoperative consultation or intraopera-
tive monitoring.242-244 Interpretation of the images by car-
diologists244 and formal TTE imaging in a subset of patients 
confirmed the major findings of the focused TTE examina-
tion in the majority of cases.242,243 Standard preoperative 
echocardiography in patients undergoing major surgery 
has failed to demonstrate an association with improved 
outcomes,246 so the value of preoperative anesthesiologist-
performed TTE in guiding interventions or prognostication 
needs further characterization. As these consult services 
develop, important considerations include the intended 
scope of the examination and the experience of the individ-
uals performing and interpreting the studies.

Several small investigations demonstrate the feasibility 
of FoCUS* prior to urgent or emergent surgical procedures, 
resulting in changes to the anesthetic technique or man-
agement plan.247-249 Specific patient populations, such as 
patients sustaining hip fractures, may be optimally suited for 
FoCUS. Delay in surgery for hip fractures is associated with 
increased risk of mortality,250,251 and preoperative echo-
cardiographic examination through standard channels has 
been associated with delayed surgery.252 A  multi-center, 

* These studies described the use of “focused transthoracic echocardiogra-
phy.” To maintain consistency with terminology proposed in published 
guidelines, we described these studies as FoCUS.

A

B

C D

Fig. 37.30 Simultaneous live display of two-dimensional reference planes (Panels A-C) and the three-dimensional volume (Panel D) during a MitraClip 
procedure. The clip (blue arrow) should be aligned orthogonally to the line of coaptation of the mitral valve. Real-time imaging facilitates optimal device 
positioning by providing visual feedback following changes in catheter and device position. AML, Anterior mitral leaflet; AoV, aortic valve; LA, left atrium; 
LV, left ventricle; PML, posterior mitral leaflet.
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randomized pilot study of preoperative FoCUS in hip surgery 
has been completed, providing the groundwork for a larger, 
definitive randomized controlled trial.253

The operating theater, with the sterile surgical field and 
limited patient accessibility, is not necessarily conducive to 
transthoracic imaging. Despite the perceived challenges, 
small studies have prospectively demonstrated the feasibil-
ity of FoCUS during surgery. In a series that included sta-
ble and unstable patients undergoing a range of surgeries 
(orthopedics/trauma, abdominal/vascular, urology/gyne-
cology, and head or ear, nose, and throat), focused exami-
nation was feasible in more than 90% of cases.254 Patients 
with chronic obstructive pulmonary disease and those 
undergoing abdominal surgery had significantly worse 
image quality. Subsequent studies have demonstrated fea-
sibility in thoracic surgery,255 and an impact on intraopera-
tive management in 22% to 66% of patients.255,256

There is increasing interest in FoCUS and TTE for hemo-
dynamic monitoring and diagnostic assessments in the peri-
partum anesthetic management of pregnant women.257 
The leftward displacement of the heart and left tilt to avoid 
aortocaval compression are favorable for parasternal and 
apical imaging windows.257 Postpartum hemorrhage, pre-
eclampsia, and cardiomyopathy can all result in hemody-
namic derangements detectable by cardiac ultrasound.258

Despite the recognized value of FoCUS,259 it is not yet a 
routine aspect of anesthesiology practice. A survey of car-
diothoracic anesthesiologists revealed a familiarity with 
FoCUS (81%), but only 47% of respondents use it in their 
clinical practice.260 While the study has limitations, includ-
ing low response rate, it provides insight into current prac-
tice patterns. The most frequently cited obstacle to use of 
FoCUS was lack of training, followed by concerns about 
missed diagnosis, lack of equipment, and lack of a certifi-
cation process. As the majority of these anesthesiologists 

had prior formal echocardiography training (TEE, TTE, or 
FoCUS), it is likely the obstacles would be further amplified 
for anesthesiologists without this exposure.!

Critical Care

Echocardiography performed and interpreted at the point of 
care is feasible and influential in the care of critically ill sur-
gical and nonsurgical patients. Both TTE and TEE findings 
impact the management of patients in shock, influence diag-
nostic and therapeutic management,261-263 and provide 
prognostic information.264,265 In a study of 110 patients 
in undifferentiated shock, early resuscitation guided by 
echocardiography was associated with improved survival, 
less fluid administration, and greater inotrope use com-
pared to 110 control patients examined retrospectively.266 
Although this does not indicate causality, it highlights the 
potential value of echocardiography in resuscitation, espe-
cially in light of the association between positive fluid bal-
ance and mortality.267-269 TTE use is more prevalent than 
TEE in the ICU,270 and European and Australian intensiv-
ists use TEE more commonly than their North American 
counterparts.271 TEE offers improved diagnostic accuracy 
in the setting of mechanical ventilation,261 however several 
groups have obtained adequate transthoracic images for 
focused studies in the majority of mechanically ventilated 
patients.262,272,273 TEE provides superior imaging for the 
evaluation of suspected endocarditis or intracardiac mass, 
evaluation of great vessel pathology, and assessment of val-
vular dysfunction.56

Similar to perioperative TEE, there are proposed basic 
and advanced applications of critical care echocardiog-
raphy.54,57 Basic applications include assessment of 
global biventricular size and function, identification of 

Fig. 37.31 Example of valve analysis program using artificial intelligence. Dynamic measurements of mitral annular geometry are provided 
throughout the cardiac cycle.
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pericardial fluid or tamponade, identification of severe 
valvular regurgitation, and as guidance for resuscitative 
efforts during and after cardiac arrest. Advanced appli-
cations include quantitative assessments of function and 
filling pressures, evaluation of fluid responsiveness, and 
detection of abnormalities including cardiac source of 
embolism, endocarditis, acute aortic pathology or injury, 
intracardiac shunt, and complications of MI. Evaluation 
of suspected endocarditis, great vessel pathology or injury, 
and PE may be considered basic or advanced applications.

FLUID RESPONSIVENESS

When assessing a patient in shock, the decision to admin-
ister, withhold, or stop fluids is often challenging. Patients 
who are fluid responsive will demonstrate an increase in SV 
or cardiac output in response to a fluid challenge,107 and 
dynamic indices (such as heart-lung interactions or the 
passive leg raise maneuver) temporarily induce changes 
in preload to assess for this response. In patients receiving 
passive mechanical ventilation, several echocardiographic 
dynamic parameters have been used to predict fluid respon-
siveness and aid in clinical decision making:
  

 "  Inferior vena cava distensibility index: During positive pres-
sure ventilation, inspiration causes a rise in intratho-
racic pressure, which decreases the venous return to the 
heart and leads to IVC distension. During expiration, IVC 
diameter is at a minimum. Two IVC distensibility indices 
(dIVC or #IVC) relating the maximum (Dmax) and mini-
mum (Dmin) diameters during the respiratory cycle have 
been described:

  

!IVC = max " min

min
* 100 %

D D

D

where a threshold of 18% or greater discriminated 
between responders and nonresponders,274

  
  

and
  
  

!IVC = max " min

( max + min) /2
* 100 %

D D

DD

where a threshold of 12% or greater discriminated 
between responders and nonresponders.275

Use of the first equation is most common.276 In more 
heterogeneous populations, #IVC performs less accu-
rately (two subsequent studies report an area under 
the receiver operating characteristic curve of 0.43 and 
0.635, respectively).277,278 The reported optimal thresh-
olds for discriminating responders from nonresponders 
also vary. In general, #IVC has greater specificity than 
sensitivity.

Several preconditions must be met for #IVC to be a use-
ful tool, including absence of spontaneous respiratory 
effort, 8 to 12 mL/kg tidal volumes (necessary to increase 
the pleural pressure to affect the IVC diameter), absence of 
cor pulmonale, and absence of intraabdominal hyperten-
sion.108 Highlighting the importance of these conditions, 

#IVC accurately predicts fluid responsiveness in patients 
ventilated with tidal volumes of 8 to 10 mL/kg and PEEP of 
5 cm H2O or less but poorly predicts fluid responsiveness in 
patients receiving tidal volumes less than 8 mL/kg or PEEP 
greater than 5 cm H2O.276

  

 "  Superior vena cava collapsibility index: During positive 
pressure ventilation, the SVC collapses during inspira-
tion due to increased intrathoracic pressure (a pattern 
opposite that of the IVC). An initial study of patients 
with septic shock evaluated the SVC collapsibility index 
(#SVC), defined as:

  

!SVC = max " min

max
* 100 %

D D

D

  
  

where Dmax is the maximum diameter on expiration 
and Dmin is the minimum diameter on inspiration.279 A 
threshold of more than 36% distinguished fluid respond-
ers from nonresponders with 90% sensitivity and 100% 
specificity. In a larger cohort including mechanically 
ventilated patients with any type of shock, #SVC of  21% 
or greater predicted fluid responsiveness with 61% sen-
sitivity and 84% specificity.278 When compared in the 
same patients, #SVC has greater diagnostic accuracy 
than #IVC1.277,278 TEE imaging is required to determine 
#SVC.

!'!  Variation in peak aortic/LVOT velocity: Positive pressure 
ventilation results in cyclical changes in the maximum 
velocity of flow in the LVOT and across the aortic valve. 
Application of PWD at the level of the aortic valve280 or in 
the LVOT278 allows for measurement of the highest (Vmax) 
and lowest (Vmin) peak velocities over the course of the 
respiratory cycle. The difference between the two is divided 
by their mean and expressed as a percentage as follows:

  

  

! maxAo = max " min

( max + min) /2
* 100 %V

V V

VV

  

A threshold of 12% or more discriminated between respond-
ers and nonresponders in initial investigations.280 Similar 
to other dynamic indices, in larger, diverse populations, 
this parameter does not perform as accurately as originally 
reported. When compared in the same cohort, #VmaxAo 
had the highest sensitivity, whereas #SVC had the highest 
specificity for predicting fluid responsiveness.278

  

Additional echocardiographic assessments utilizing heart-
lung interactions and dynamic parameters are an area of 
active research. End-expiratory occlusion maneuvers alone 
or in combination with end-inspiratory occlusions have been 
used to predict fluid responsiveness as assessed by changes in 
LVOT velocity time integral and/or maximum aortic veloc-
ity.281,282 These approaches are not currently widely applied 
and require further validation in varying patient populations. 
With any of these indices, the clinician should interpret these 
findings within the overall context of the patient’s status and 
with an awareness of the limitations.!
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POST-CARDIAC SURGERY

A 2016 systematic review of 15 studies examining TTE 
and TEE after cardiac surgery demonstrated that echocar-
diography (performed by a mix of novice and expert sonog-
raphers) was feasible and that findings frequently led to 
management changes.283 In hemodynamically unstable 
postoperative cardiac surgical patients, significant discor-
dance has been demonstrated between diagnoses obtained 
from continuous TEE and diagnoses obtained from hemo-
dynamic measurements.284 TEE-based diagnoses have 
greater interobserver agreement, suggesting that echocar-
diography may add valuable diagnostic information even in 
the presence of invasive hemodynamic monitors.!

TRAUMA AND RESUSCITATION

For decades, cardiac ultrasound via the subcostal window 
has been part of the evaluation of the trauma patient within 
the Focused Assessment with Sonography for Trauma 
(FAST) examination.285 FoCUS extends this cardiac exami-
nation and has been adopted as a tool to guide resuscitation 
of trauma patients. A trial randomizing trauma patients to 
FoCUS or no FoCUS as part of the initial evaluation demon-
strated significantly less fluid administration, shorter time 
from the trauma bay to the operating room, and higher rate 
of ICU admissions in the FoCUS group.286 In blunt or pen-
etrating chest trauma, echocardiography reveals complica-
tions such as cardiac rupture, dysfunction (due to contusion), 
valvular injury, hemopericardium, and aortic disruption.287!

OTHER CLINICAL APPLICATIONS

Echocardiography may identify causes of hypoxia, such 
as right-to-left intracardiac shunt or pleural effusion (Fig. 
37.32). Clinicians often incorporate lung ultrasound with 
echocardiography when evaluating cardiopulmonary fail-
ure (also see Chapter 83).288

Novel applications of echocardiography in critical care 
are emerging. Areas of active research include strain 
imaging in sepsis289 and the use of echocardiography in 

evaluating patients that fail to liberate from mechanical 
ventilation.290!

HANDHELD CARDIAC ULTRASOUND

With their compact size and portability, handheld echocardiog-
raphy devices are ideal for point-of-care assessments.291 Inten-
sivists with limited echocardiography training have performed 
and interpreted focused handheld examinations, estimating 
LV systolic function with reasonable accuracy compared to 
formal TTE performed by a sonographer and interpreted by an 
echocardiographer.292 When performed by intensivists expe-
rienced in echocardiography, handheld echocardiographic 
examinations offer similar 2-D diagnostic capabilities to full-
platform TTE in mechanically ventilated, critically ill patients, 
with limitations due to lack of spectral Doppler.293!

MINIATURE TEE PROBES

Miniature TEE probes have promise as tools for hemodynamic 
monitoring or characterization of cardiopulmonary failure in 
the critical care setting.294,295 Examination with miniatur-
ized multiplane TEE probes is feasible and well tolerated in 
ventilated, critically ill patients.295 When compared to stan-
dard TEE, miniature probes enable concordant diagnostic 
assessments of causes of cardiorespiratory failure, albeit with 
lesser image quality. Consequent to the diminished image 
quality, common hemodynamic measurements can be per-
formed less frequently, but when possible, the results agree 
with those obtained by standard TEE. Larger studies and 
evaluation of resulting clinical impact are necessary prior to 
widespread adoption of miniature TEE.!

Training and Certification

KNOWLEDGE EXPECTATIONS AND TRAINING

Across the field of anesthesiology, there is a growing impe-
tus for formalized training in perioperative ultrasound 

A B

Fig. 37.32 Pleural effusions demonstrated by echocardiography. (A) This transthoracic parasternal long axis view demonstrates an echolucent 
space posterior to the DA, consistent with a large left pleural effusion. A pericardial effusion (not present in this image) would be seen as an echolucent 
space anterior to the descending aorta. (B) A transesophageal descending aorta short axis view demonstrating an echolucent space consistent with a 
left pleural effusion. Note the atelectatic lung at the left of the image. DA, Descending aorta; LA, left atrium; LV, left ventricle.
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including echocardiography. The American Council for 
Graduate Medical Education requires anesthesiology resi-
dents to demonstrate competency in the acquisition of stan-
dard transesophageal and transthoracic echocardiographic 
views.296 Certification by the American Board of Anesthesi-
ology requires basic knowledge of TEE, assessed both in the 
written examination297 and the Objective Structured Clini-
cal Exam.298 Accredited Anesthesiology Critical Care Medi-
cine programs require fellows to demonstrate knowledge of 
ultrasound principles and proficiency in TEE and TTE.299

Formalized echocardiography training requires cur-
riculum development and educational initiatives. For some 
trainees, exposure to ultrasound now begins in medical 
school. Several institutions include cardiac ultrasound in 
their educational programs, initially using it to teach anat-
omy and function, and later as an adjunct to the physical 
examination.300 Many residency programs are develop-
ing multimodal longitudinal curricula including didactic 
lectures, hands-on workshops, online modules, simula-
tion, and formal echocardiography rotations.301-304 Online 
virtual simulation provides users an interactive format to 
learn standard views and spatial relationships.305,306 Man-
nequin-based simulation is an effective method for improv-
ing the acquisition of cognitive and technical skills both in 
TEE307-312 and TTE,308,313,314 and may be a useful educa-
tional tool for learners early in training. In addition to these 
multimodal didactic approaches, practical clinical experi-
ence under supervision remains a key part of the training 
process. In North America, advanced training in TEE usu-
ally occurs in the context of the cardiothoracic anesthesiol-
ogy fellowship.

The coming years will likely include increasing emphasis 
on FoCUS training in anesthesiology. In a survey of US anes-
thesiology residency program directors and trainees, the 
majority of respondents indicated FoCUS should be a stan-
dard component of training, while only a minority of the 
programs incorporated such training.315 A different survey 
of Canadian residency program directors indicated FoCUS 
training should be compulsory, and while most of the pro-
grams had training opportunities, only a minority included 
mandatory rotations.316 The challenge to the specialty is 
how to best incorporate FoCUS, to define minimum training 
standards and competencies, and to provide education for 
trainees as well as anesthesiologists already in practice. The 
European Association of Cardiovascular Imaging has pub-
lished a reference curriculum and syllabus for FoCUS edu-
cation and training.317 Clinicians must clearly understand 
the narrow scope of FoCUS, recognizing the limitations and 
indications for expert consultation. Many examples of the 
applicability of perioperative FoCUS are in the hands of 
experienced echocardiographers—whether this translates 
to operators with less experience and less formal training 
will need to be examined. After the initial acquisition of cog-
nitive and technical skills in ultrasound, continued use is 
important to ensure proficiency; when these skills are not 
used for over a year, significant attrition occurs.318!

CERTIFICATION

The National Board of Echocardiography offers examination 
and certification in basic (Basic PTEeXAM) and advanced 
(Advanced PTEeXAM) perioperative TEE.319 Individuals that 

pass the examination achieve testamur status. Testamurs 
can achieve basic certification via supervised training, prac-
tice experience, or extended continuing medical education. 
Advanced PTEeXAM testamurs can receive certification by 
completing an accredited cardiothoracic anesthesiology 
pathway; a practice experience pathway is only available 
to individuals that completed training prior to 2009. There 
is no certification for perioperative TTE, however, qualified 
individuals can take the Examination of Special Competence 
in Adult Comprehensive Echocardiography (ASCeXAM) and 
achieve testamur status. In Europe, the European Associa-
tion of Cardiovascular Imaging and European Association of 
Cardiothoracic Anaesthesiology jointly offer certification in 
adult TEE.320 General critical care ultrasound and basic criti-
cal care echocardiography are now considered to be within 
the scope of practice of intensivists, while certification has 
been proposed for those obtaining advanced training.55,56 As 
of 2019, the National Board of Echocardiography now offers 
an Examination of Special Competence in Critical Care Echo-
cardiography (CCEeXAM).321!

Future Directions

The evolution of perioperative echocardiography is at a 
transformative juncture. The landscape is one of growth, 
innovation, and accessibility. From its perioperative ori-
gin as a monitor in cardiac surgery decades ago, TEE has 
become integral to the practice of cardiac anesthesia and 
surgical decision making. More sophisticated and auto-
mated platforms will pave the way for increasingly com-
plex, quantitative analyses to be performed in real time. 
Catheter-based procedures push the boundaries of treatable 
pathologies, and echocardiography is central to the mul-
timodal imaging techniques employed by structural heart 
teams. Many cardiac anesthesiologists have an interest in 
TTE, which complements and builds upon their already 
established cognitive and technical skills.

Outside of the cardiac arena, anesthesiologists use TEE as 
an intraoperative monitor in high-risk procedures or popu-
lations. Basic knowledge of TEE is now expected of anesthe-
siology trainees. In the future, knowledge of transthoracic 
imaging in the form of FoCUS may too become a require-
ment. Increased portability of ultrasound machines and 
newer technologies like capacitive micromachined ultra-
sound transducers make the potential for widespread point-
of-care imaging an imminent reality. With the growing 
interest and investment in ultrasonography, a basic skill 
set may soon be within the purview of all anesthesiologists. 
Opportunities for research into education and the impact 
of anesthesiologist-performed examinations abound. Criti-
cal care training objectives now include basic proficiency 
in echocardiography in the larger context of critical care 
ultrasound. Similar to advanced perioperative TEE, profi-
ciency in advanced critical care echocardiography requires 
additional dedicated training and allows comprehensive 
evaluation of cardiac structure and function, and hemody-
namic assessments in the context of the critically ill patient. 
Whether applied as a routine monitor, a more advanced 
diagnostic tool, or used in procedural guidance, echocar-
diography is an essential component of the modern periop-
erative physician’s armamentarium.
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Video 37.1 3D Imaging—multiple beat full-volume acquisition. Multiple 
beat full-volume acquisitions create three-dimensional images by acquir-
ing individual data subvolumes over consecutive heartbeats and then 
“stitching” the data together to create the larger full-volume image.

Video 37.2 Echocardiographic views in focused cardiac ultrasound 
(FoCUS): Parasternal long axis (PLAX), parasternal short axis (PSAX), api-
cal four-chamber (A4C), subcostal four-chamber (SC4), and subcostal IVC 
(SIVC). A, Anterior wall; AML, anterior mitral leaflet; AoV, aortic valve; DA, 
descending aorta; I, inferior wall; IVC, inferior vena cava; IVS, interventricular 
septum; L, lateral wall; LA, left atrium; LV, left ventricle; PML, posterior mitral 
leaflet; RA, right atrium; RV, right ventricle; RVOT, right ventricular outflow 
tract; S, septal wall.

Video 37.3 Transesophageal echocardiographic views demonstrating 
qualitatively normal left ventricular systolic function. AoV, Aortic valve; LA, 
left atrium; LV, left ventricle; MV, mitral valve; RA, right atrium; RV, right ven-
tricle.

Video 37.4 Transthoracic parasternal short axis view demonstrating 
flattening of the interventricular septum in diastole, a finding observed 
in states of right ventricular volume overload. The septal curvature 
remains normal and the left ventricular cavity appears circular during 
systole. Of note, both left and right ventricular systolic function are 
reduced. IVS, interventricular septum; LV, left ventricle; RV, right ven-
tricle.

Video 37.5 Transthoracic parasternal short axis view of a patient with right 
ventricular pressure overload. The leftward shift and flattening of inter-
ventricular septum occurs throughout the cardiac cycle, but is most pro-
nounced at end-systole. IVS, Interventricular septum; LV, left ventricle; RV, 
right ventricle.

Video 37.6 Takotsubo cardiomyopathy. These clips demonstrate the 
classic pattern of apical ballooning with preserved basal contractility seen 
in Takotsubo (stress-induced) cardiomyopathy. Additional patterns of 
regional involvement may also be observed.

Video 37.7 Systolic anterior motion of the mitral valve (SAM). The anterior 
mitral leaflet is visualized entering the left ventricular outflow tract and con-
tacting the interventricular septum during systole. Turbulent flow is visualized 
in the left ventricular outflow tract (LVOT) and significant mitral regurgitation 
(MR) is present. Treatment of SAM includes discontinuation (or avoidance) of 
inotropes, increasing preload, increasing afterload, and decreasing the heart 
rate. With therapeutic interventions, the SAM decreases, there is less turbu-
lence in the LVOT, and the MR decreases.

Video 37.8 Tamponade-right atrial systolic collapse. A large echolucent 
pericardial effusion is demonstrated (*). Within the effusion, there are 
areas of increased density suggesting organization. Right atrial collapse 
(blue arrow) during ventricular systole supports the clinical diagnosis of 
tamponade. LA, Left atrium; LV, left ventricle; RA, right atrium; RV, right ven-
tricle.

Video 37.9 Tamponade-right ventricular diastolic collapse. Transthoracic 
parasternal long axis views displaying a large pericardial effusion (*). Right 
ventricular diastolic collapse (green arrow) is present, and supports the clini-
cal diagnosis of tamponade. Left atrial collapse during ventricular systole, 
often observed later than right-sided chamber collapse, is also present (red 
arrow). Ao, Ascending aorta; IVS, interventricular septum; LA, left atrium; LV, 
left ventricle; RVOT, right ventricular outflow tract.

Video 37.10 McConnell’s sign is an echocardiographic finding of right ven-
tricular hypokinesis or akinesis with apical sparing. The apparent preservation 
of apical contractility actually reflects translational motion due to tethering 
of the apical fibers to the left ventricle. McConnell’s sign may be observed in 
acute pulmonary embolism or right ventricular infarction. IVS, Interventricular 
septum; RA, right atrium; RV, right ventricle.
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