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Ke y Points
1 Understanding the principles of ultrasound and echocardiographic instrumentation is essential in optimizing image
quality.
2 Performing a comprehensive echocardiographic examination
ensures that important pathologies are recognized.
3 Two-dimensional and Doppler techniques have complementary
roles in the assessment of cardiovascular function.
4 Global left ventricular systolic function is inluenced by load and
contractility alterations; regional wall motion grading is based
on systolic endocardial excursion and myocardial thickening.
5 Transmitral low and pulmonary vein low Doppler along with
tissue Doppler imaging provide accurate diastolic function
assessment.
6 Severity of aortic stenosis is estimated based on the aortic valve
area calculated by continuity equation.

7 The ratio of the width of the regurgitant jet to the diameter
of the left ventricular outflow tract is useful in assessing
the severity of aortic insuficiency. Diastolic low reversal in
the descending thoracic aorta is signiicant for severe aortic
insuficiency.
8 Mitral regurgitation can be of structural or functional etiology.
The vena contracta of the regurgitant jet and the effective
regurgitant oriice area by proximal isovelocity surface area
method help grade severity.
9 Aortic atheromas larger than 4 mm are harbingers of thromboembolic events.
10 The false lumen of aortic dissection does not have diastolic
low.
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Mult imedia
1 TEE Probe Movements

10 ME LAX

2 ME Ascending Aortic LAX and SAX

11 TG Mid SAX

3 ME AV SAX

12 TG Basal SAX

4 ME AV LAX

13 TG Two Chamber

5 ME Bicaval

14 TG LAX

6 ME RV Inflow–outflow

15 Deep TG LAX

7 ME Four Chamber

16 Desc Aortic SAX and LAX

8 ME Two Chamber

17 UE Aortic Arch SAX

9 ME Commissural View

18 UE Aortic Arch LAX

Echocardiography is the first imaging technique to enter the 1 returning reflection. Since the speed of sound in tissue is conmainstream of intraoperative patient monitoring. A remarkably
stant, the time delay allows the echo system to precisely calculate
versatile tool, real-time echocardiography provides a comprethe location of cardiac structures and thereby create an image
hensive evaluation of myocardial, valvular, and hemodynamic
map of the heart.
performances. These capabilities attracted the attention of anesthesiologists and surgeons challenged by the unique difficulties
Physics of sound
of perioperative cardiovascular management. Over the 30 years
following the first report of intraoperative echocardiography to
Sound is the vibration of a physical medium. In clinical echoassess ventricular function by Barash and colleagues in 1978,
cardiography, a mechanical vibrator, known as the transducer, is
echocardiography has emerged as the technique of choice for a
1
placed in contact with the esophagus (TEE), skin (transthoracic
wide variety of intraoperative case challenges.
echocardiography [TTE]), or the heart (epicardial echocardiogThe benefit of intraoperative echocardiography in both carraphy) to create tissue vibrations. The resulting tissue vibrations
diac and noncardiac surgical populations is supported by several
create a longitudinal wave with alternating areas of compression
case series.2–8 Applications range from guiding the placement of
and rarefaction (Fig. 26-1).
intracardiac and intravascular catheters and devices, to the assessThe amplitude of a sound wave represents its peak pressure
ment of the severity of valve pathology and immediate evaluand
is appreciated as loudness. The level of sound energy in an
ation of a surgical intervention, to the rapid diagnosis of acute
area of tissue is referred to as intensity. The intensity of the sound
hemodynamic instability and directing appropriate therapies.9–11
signal is proportional to the square of the amplitude and is an
Consequently, expertise in intraoperative echocardiography is
important factor regarding the potential for tissue damage with
highly desired among anesthesiology practitioners. The National
ultrasound. Since levels of sound pressure vary over a large range,
Board of Echocardiography has established a certification pathit is convenient to use the logarithmic decibel (dB) scale:
way in perioperative transesophageal echocardiography (TEE),
http://www.echoboards.org/certification/certexpl.html. The AmeriDecibel (dB) = 10 log10 I/Ir = 10 log10 A2/Ar2
can Society of Anesthesiologists in conjunction with the National
= 20 log10 A/Ar
Board of Echocardiography has established a second certification
where A is the measured sound amplitude and Ar is a standard
pathway in basic perioperative echocardiography, http://www.
reference sound level; I is the intensity and Ir is a standard refasahq.org/publicationsAndServices/standards/TEE.pdf and, www.
erence intensity. The Food and Drug Administration limits the
echoboards.org/content/basic-pteexam. These efforts are unique in
intensity output of cardiac ultrasound systems to be <720 W/cm2
intraoperative monitoring and attest to the critical role that accurate
because of concerns of potential tissue injury.12
and thorough echocardiographic interpretation plays in current
Sound waves are also characterized by their frequency (f ), or
anesthetic practice.
pitch, expressed in cycles per second, or Hertz (Hz), and by their
wavelength (λ). These attributes significantly impact the depth of
penetration of a sound wave in tissue and the image resolution of
pRINCIpLES AND TECHNOLOgY
the ultrasound system.
OF ECHOCARDIOgRApHY
The propagation velocity of sound (v) is determined solely by
the medium through which it passes. In soft tissue, the speed of
sound is approximately 1,540 m/s. As the product of wavelength
Echocardiography generates dynamic images of the heart from
and frequency equals velocity: V = λ × f, it becomes apparent that
the reflections of sound waves. The echocardiography system
the wavelength and frequency are inversely related: λ = v × 1/f
transmits a brief pulse of high-frequency sound (i.e., ultraand that λ = (1,540 m/s)f. High-frequency, short-wavelength
sound) that propagates through and is subsequently reflected
ultrasound is more easily focused and directed to a specific target
from the cardiac structures encountered. The ultrasound
location. Image resolution also increases with short-wavelength
transducer records the time delay and signal intensity for each
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far less energy is relected back to the transducer. This type of
relection is the basis of the Doppler analysis of blood low (see
following).
Even when traveling through uniform tissue, sound undergoes a steady loss (i.e., attenuation) in intensity as a consequence
of dispersion and absorption. Attenuation results in less energy
returning to the transducer and low-quality images with poor
signal-to-noise ratios. To combat attenuation, echocardiographers select better penetrating low-frequency signals (e.g.,
2.5 instead of 7.5 MHz) and choose an imaging window that
is close to the structure of interest. Adjusting the gain controls
to amplify the weak returning signals makes their appearance
brighter on the display. Unfortunately, this increases the brightness of artifactual noise, which negatively impacts the image
appearance.

transducers

Figure 26-1. Sound wave. Vibrations of the ultrasound transducer
create cycles of compression and rarefaction in the adjacent tissue. The
ultrasound energy is characterized by its amplitude, wavelength, frequency, and propagation velocity. In this example, four sound waves
are shown in a period of 0.5 µs. The frequency can be calculated as
four cycles divided by 0.5 µs and equals 8 MHz.

sound waves; for these reasons, ultrasonic frequencies of 2 to
10 MHz are preferred in clinical echocardiography.

Ultrasound transducers use piezoelectric crystals to create a brief
pulse of ultrasound. Alternating electrical current stimulates
polarized particles within the crystal’s matrix to rapidly vibrate,
generating ultrasound. Conversely, when a sound relection
strikes the crystal, the impact vibrates the polarized particles and
generates an electric current. This property allows the piezoelectric crystal to function as both a transmitter and a receiver of
ultrasound.
The shorter the length of the sound pulses, the better the axial
resolution of the system. High-resolution imaging transducers
emit sound pulses of just two to four cycles of short-wavelength,
high-frequency sound.

beam shape

Properties of sound transmission in tissue
The propagation of a sound wave through the body is markedly
affected by its interactions with the various tissues encountered.
These interactions result in relection, refraction, scattering, and
attenuation of the ultrasound signal and determine the resulting
appearance of the two-dimensional image.
Echocardiographic imaging relies on the transmission and
subsequent relection of ultrasound energy back to the transducer. A sound wave propagates smoothly through uniform tissue until it encounters the interface between two tissues varying
in acoustic impedance (a property largely related to the density
[ρ] of the tissue and the speed that ultrasound travels). A large
interface oriented perpendicular to the sound beam will produce
a mirror-like relection of sound back toward the transducer with
only a portion of the signal passing through the interface. Since
cardiac structures are detected by their relected echocardiography signal, echocardiographers adjust the position of the TEE
transducer so that the direction of its beam is perpendicular to
the cardiac structure of interest.
Refraction causes a change in direction of propagating sound
and occurs when an interface lies oblique to the sound beam.
Refraction is an important factor in the formation of artifacts
as the transducer mistakenly interprets a relection from the
refracted beam as originating from a cardiac structure located
within the intended scanning ield.
Scattering relections occur when an ultrasound beam encounters small or irregularly shaped surfaces, such as red blood cells.
These relectors scatter ultrasound energy in all directions, so that

The ultrasound transducer emits a three-dimensional ultrasound
beam similar to a movie projection (Fig. 26-2). The beam is narrow in the near ield and then diverges into the far ield zone.
Focusing of the beam is used to improve spatial resolution by
narrowing the ultrasound beam at the desired depth. The dense,
narrow beam is preferred because it provides improved spatial
resolution, produces high-intensity relections, and reduces artifact. Echocardiographers adjust focal depth and focus to optimize
the image resolution.

resolution
Three parameters are evaluated when assessing the resolution of
an ultrasound system: The resolution of objects lying along the
axis of the ultrasound beam (axial resolution), the resolution of
objects horizontal to the beam’s orientation (lateral resolution),
and the resolution of objects lying vertical to the beam’s orientation (elevational resolution).
Short pulses of high-frequency ultrasound offer the greatest
axial resolution but have a decreased tissue penetration. As resolution is highest along the axial plane, echocardiographic measurements are most precise when taken parallel to the beam’s axis.
Accordingly, echocardiographers select transmitted frequency
based on the particular imaging need.
Beam size determines the lateral and elevational resolution.
Broad beams produce a “smeared” image of two nearby objects,
whereas narrow beams can identify each object individually.
Beam size is reduced by selecting high-signal frequencies and
minimizing imaging depth.

ANESTHETIC MANAGEMENT
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A

figure 26-3. Method-mode (M-mode) echocardiography of a normal aortic valve. The M-mode cursor is placed at the center of the
aortic valve and the motion of the aortic cusps over time is shown.
During diastolic coaptation the aortic valve cusps appear as a thick,
bright white line (long arrow), while in systolic apposition they form a
“shoe-box” (short arrow).

B
Figure 26-2. Three-dimensional beam. The ultrasound probe projects a three-dimensional beam. The dimensions of this projection have
important effects on the imaging resolution and artifact. Typically, a
narrow profile is preferred. A: Unfocused beam. The beam is narrow
in the near field and then diverges in the far field. b: Focused beam.
Focusing has resulted in a narrower beam in both the lateral and elevational planes, so that the imaging resolution of structures in the focal
zone is improved. Distal to the focal zone, the beam rapidly diverges,
and the images of structures in this area will be of lower quality.

signal Processing
To convert echoes into images, the returning ultrasound pulses
are received, electronically processed, and displayed. The oscillator repeatedly cycles the transducer from a brief transmission
to a relatively long receive mode. During the receive phase, the
relected echocardiography signals are captured and converted to
electrical signals by the piezoelectric crystal. The echocardiography system employs a series of controls including system gain,
time gain compensation, compression, and postprocessing settings (not unlike those available with digital imaging software) to
optimize the signal for display. Adjustments are used, for example,
to emphasize edge detection versus tissue texture, or to improve
the delineation of weaker relectors. The choice of settings is dictated by the examination and the preferences of the echocardiographer.

image display
Ultrasonic imaging is based on the amplitude and time delay of
the relected signals. Since the velocity in tissue is a relatively constant 1,540 m/s, only the distance of the structure from the transducer alters the time required for the ultrasound wave to travel
to and from the relected structure. So by timing the interval

between transmission and return of the relections, the echocardiography system can precisely calculate the distance of a structure from the transducer.
Current imaging is based on brightness mode or B-mode technology. With B-mode, the amplitude of the returning echoes from
a single pulse determines the display brightness of the representative pixels. M-mode or motion mode adds temporal information
to B-mode by displaying a series of sequentially collected B-mode
images. M-mode echocardiography provides a one-dimensional,
single-beam view through the heart but updates the B-mode
images at a very high rate, providing dynamic real-time imaging.
M-mode remains the best technique for examining the timing of
cardiac events (Fig. 26-3).
Two-dimensional (2-D) echocardiography is a modiication
of B-mode echocardiography and the mainstay of the echocardiographic examination. Instead of repeatedly iring ultrasound
pulses in a single direction, the transducer in 2-D echocardiography sequentially directs the ultrasound pulses across a sector of
the cardiac anatomy. In this way, 2-D imaging displays a tomographic section of the cardiac anatomy, and unlike M-mode,
reveals the shape and lateral motion (Fig. 26-4).
Two-dimensional scanning is achieved using phased array
technology, which sequentially activates each crystal in the array
and thereby steers the beam without the transducer itself being
moved. The two commonly used electronic scanning systems in
medical ultrasound are the linear scanners and sector scanners.
The linear scanner uses a long linear array. Groups of crystals
are activated sequentially from one end of the transducer to the
other. The iring of each group of crystals creates an image of
the structures directly in front of them. With sequential iring,
the anatomic features from one end of the transducer to the other
are imaged (Fig. 26-5). The disadvantage of this approach is that
the transducer face must be large to cover a broad anatomic area.
The linear array is commonly used to guide vascular access and
regional anesthetic procedures.

figure 26-4. Scan lines. Illustration of the arced sector from a phased
array two-dimensional echocardiogram. Each dotted line represents an
individual brightness mode scan line. Any structure that interacts with
a scan line will create reflections (dark highlight); however, structures
that lie between the scan lines are not interrogated, and the echocardiography system averages the neighboring signals to fill in this defect.
Accordingly, the closer the scan lines, the better the image quality.

The phased array sector scanner is the most commonly used
in echocardiography. Here the ultrasound scan is sequentially
directed in a fan-like arc. The resulting sector image known as a
frame is similar in shape to that covered by a windshield wiper.
The 2-D scanner then repeats the entire process to update the
image and capture motion.

spatial Versus dynamic image Quality
Expert echocardiographers select machine settings to optimize particular image qualities for the examination at hand. As discussed
in the following sections, these selections will determine whether
sector size, spatial resolution, or dynamic motion is best displayed.

80° - 90°
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The pulse repetition frequency is the rate at which sound
pulses are triggered. The greater the pulse repetition frequency,
the greater the number of scan lines that are emitted in a given
period of time. This enhances motion display. Unfortunately, sector depth must be reduced because pulse repetition frequency is
inversely related to the sector depth as a longer period of time is
required for the ultrasound to travel the increased distances.
The frame rate is the frequency at which the sector is rescanned.
A high frame rate improves the capture of movement. Typically,
frame rates >30 per second are desired. The frame rate is critically dependent on the sector depth, which determines the time
required for each scan line to be received, and the sector width,
which increases the number of scan lines that must be transmitted. Consequently, increases in sector size and depth come at the
cost of a decreased frame rate and poor motion imaging.
The number of scan lines per degree of the sector (scan line
density) greatly affects the image resolution. Doubling the scan
lines essentially doubles the lateral resolution. However, the cost
is a decrease in the frame rate and motion imaging.
The echocardiographer must thoughtfully select among settings that will often have opposing effects between the size of
the imaging ield, the imaging resolution, and the frame rate. A
common approach is to focus each part of the examination on a
given structure of interest and select the imaging plane that best
delineates the structure in the near ield. Motion display can then
be enhanced without costs in lateral resolution by decreasing the
sector angle and depth. In situations in which the maximal frame
rate is desired, M-mode is chosen.

Two-dimensional and Threedimensional TransesoPhageal
echocardiograPhy examinaTion
TEE is the favored approach to intraoperative echocardiography.
Compared with TTE, TEE offers additional “windows” to view
the heart, often with improved image quality from the anatomic
proximity of the esophagus and heart. In the operating room
(OR), TEE is useful because the probe does not interfere with the
operative ield and can be left in situ, providing continuous, realtime hemodynamic information used to diagnose and manage
critical cardiac events. TEE is also useful in situations in which
the transthoracic examination is limited by various factors (obesity, emphysema, surgical dressings, and prosthetic valves) and for
examining cardiac structures not well visualized with TTE (left
atrial appendage).
This section is designed to introduce TEE image orientation
and the diagnostic utility of each view. In addition, examination sequences useful for obtaining a comprehensive or targeted
examination are provided. Readers are referred to A Practical Approach to Transesophageal Echocardiography.13 for a more
detailed description of the TEE examinations described in this
section.

Probe insertion

1 The TEE probe is inserted in the anesthetized patient in a manner similar to insertion of an orogastric tube. For improved
image quality, the stomach is emptied of gastric contents and
figure 26-5. Linear scanners image a rectangular section of the
air prior to probe insertion. The jaw is lifted with the left hand
anatomy compared with the arced sector imaged with phased array
and the TEE probe, well lubricated, is inserted with the right
scanners.
hand by applying gentle but constant pressure. If signiicant
Linear

Phased array
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resistance is encountered, additional force should be strictly
avoided as oropharyngeal or esophageal injury may result.
Rather, a decrease in neck extension and/or use of a laryngoscope to visualize the oropharyngeal structures often will allow
easy passage of the probe. The TEE probe is advanced beyond
the larynx and the cricopharyngeal muscle (around 25 to 30 cm
from teeth) until a loss of resistance is appreciated. At this point,
the TEE probe lies in the upper esophagus and the irst cardiovascular images are seen. Extrinsic compression of the esophagus (e.g., osteophytes or an aortic aneurysm) may impede probe
placement.9,10

transesophageal echocardiography safety
TEE is a semi-invasive procedure. When performed by qualiied operators, TEE has a low incidence of complications. A
retrospective study performed on 846 patients who underwent
TEE described the following complications: Three patients with
pharyngeal abrasions, one patient with a chipped tooth, and few
patients with transient vocal cord paresis.14 Another retrospective
study performed on a large case series of 7,200 patients showed
that the morbidity associated with TEE placement is 0.2% and
the mortality is 0%.15 The most common complaint (0.1%) was
postoperative odynophagia. Various studies have suggested an
association between swallowing dysfunction after cardiac surgery
and the use of intraoperative TEE.16,17 This fact is important as
postoperative swallowing dysfunction is associated with pulmonary complications.16

orientation
The previously mentioned controls allow the experienced echocardiographers to perform comprehensive cardiac imaging.
However, the diversity of imaging planes can confuse the less
experienced echocardiographers, leaving them unable to recognize the various anatomic structures presented. Thus, an understanding of the basic rules of imaging orientation is essential to
echocardiographic interpretation.
The ultrasound beam is always directed perpendicular to the
probe face. The 2-D TEE image is displayed as a sector scan. The
apex of the sector is in close proximity to the TEE probe and
the structures seen in this area will be the posterior ones (e.g.,
left atrium). The arc of the sector will display the more distal and
thereby more anterior structures. The angle of rotation of the
imaging array determines the right and left orientations. An easy
way to understand this orientation is to place your right hand
in front of your chest with the palm facing down, the thumb
oriented left and the ingers oriented anterior right. The scan
lines that generate the TEE image start at your ingers and sweep
toward the thumb. Consequently, the right anatomic structures
will be displayed on the left side of the monitor (similar to chest
x-ray orientation; Fig. 26-6). Increasing the imaging plane angle
produces clockwise rotation of the sector scan. This can be visualized by rotating your hand in a clockwise fashion. For example,
at the 90-degree imaging plane the left side of the screen now displays posterior structures (note position of ingers) and the right
side of the screen anterior structures (note the position of the
thumb; Fig. 26-7).

Contraindication to transesophageal
echocardiography Probe Placement
To maintain the safety proile of TEE, each patient should be
evaluated before the procedure for signs, symptoms, or history of
esophageal pathology. Amongst the most feared complications of
TEE are esophageal or gastric perforation.18 For skilled practitioners, this complication is extremely rare. Patients with extensive
esophageal and gastric diseases are at highest risk of perforation.
Contraindications to TEE probe placement are represented by
esophageal stricture, rings or webs, esophageal masses (especially
malignant tumors), recent bleeding of esophageal varices, Zenker’s
diverticulum, status post radiation to the neck, and recent gastric
bypass surgery.13,18 In the rare case in which TEE is essential and is
the only alternative, placement of the TEE probe can be performed
under direct visualization with a combined gastroscopic and echocardiographic examination.13

Probe Manipulation
Image acquisition depends on precise manipulation of the TEE
probe. By advancing the shaft of the probe, the probe position can
be moved from the upper esophagus to the midesophagus and
into the stomach. The shaft can also be manually rotated to the
left or to the right. By using the large knob on the probe handle,
the head of the probe can be antelexed (turning the knob clockwise) and retrolexed (turning the knob counter clockwise). The
smaller knob, located on top of the large knob, is used to tilt the
head of the probe to the right or to the left. Using the electronic
switch on the probe handle, the operator can rotate the ultrasound beam from 0 (transverse plane) to 180 degrees in 1-degree
increments.

Figure 26-6. Orientation of the hand, as described in the text, for
an imaging plane of 0 degree. The imaging plane is projected like a
wedge anteriorly through the heart. The image is created by multiple
scan lines traveling back and forth from the patient’s left (green line)
to the patient’s right (red line). The resulting image is displayed on the
monitor as a sector with the green edge (green line) on the right side
of the monitor and the red edge (red line) on the left.
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Figure 26-7. Orientation of the hand, as described in the text, for an
imaging plane of 90 degrees. The imaging sector is rotated so that the
green edge (green line) has moved clockwise and is now cephalad and
the red edge is now caudad. As previously described, the green edge is
displayed on the right side of the monitor and the red edge on the left.

Goals of the two-dimensional examination
2 Each TEE examination is performed with the goal that no important diagnosis is missed. For this reason, a comprehensive evaluation is preferred with each cardiac chamber and valve imaged in at
least two orthogonal planes. However, in an emergency situation,
such examination may not be possible. In these cases, most echocardiographers will focus the TEE examination to those views
most likely to provide a diagnosis, that is, in a hypotensive patient
the transgastric short-axis view of the left ventricle is examined 3

1. The midesophageal ascending aorta short-axis view.
This view is obtained by advancing the probe slightly from
the upper esophagus until the ascending aorta (AA) is seen
and then rotating the multiplane angle from 0 to 45 degrees
to obtain a true short axis. This “great vessel view” images the
AA in short axis and the main pulmonary artery (PA) with
its bifurcation and right PA in long axis and the superior
vena cava in short axis (Fig. 26-8). If the multiplane angle
is advanced by ∼90 degrees, then the midesophageal AA
long-axis view is obtained, in which the AA is visualized in
a longitudinal cut and the right PA is visualized as a circular cross-sectional cut (Fig. 26-9). The main uses of the midesophageal ascending aorta short-axis view are to:
a. Measure the AA dimensions and evaluate the presence of
dissection laps
b. Evaluate the PA (position of catheter or rule out thrombus)
c. Align the Doppler beam parallel to the blood low in the
main PA
2. The midesophageal aortic valve short-axis view.
This view is obtained from the previous view by advancing the probe until the aortic valve (AV) is visible, and then
rotating the multiplane angle between 30 and 60 degrees. In

figure 26-8. Midesophageal ascending aortic shortaxis view. SVC, superior vena cava.

ANESTHETIC MANAGEMENT

for diagnosing hypovolemia, coronary ischemia, or acute heart
failure.
To achieve the goals of the intraoperative TEE examination,
the Society of Cardiovascular Anesthesiologists together with the
American Society of Echocardiography has published guidelines
for performing a comprehensive intraoperative TEE examination.19 These guidelines include 20 standardized 2-D echocardiographic views. Each TEE examination should be recorded (video
tapes or digital media) along with a detailed report of the examination. Miller et al.20 proposed a shortened version of the comprehensive examination that would meet the goals established by
these guidelines for basic intraoperative TEE proiciency and is
particularly useful when time constraints preclude a more extensive examination. The sequence in which the views are acquired
differs among echocardiographers. In the following section, we
detail the acquisition and anatomic features of the most commonly used intraoperative views.
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Figure 26-9. Midesophageal ascending aortic longaxis view.

4

the closed position, the three cusps of the AV form what is
known as the “Mercedes Benz” sign (Fig. 26-10). This view is
used to:
a. Evaluate the size, number, appearance and motion of AV
cusps
b. Measure the area of the AV oriice (planimetry)
c. Evaluate the presence of aortic insuficiency (AI) or aortic
stenosis (AS) by applying color low Doppler (CFD)
5
d. Assess the interatrial septum for patent foramen ovale
(PFO) or atrial septal defect (ASD)
3. The midesophageal aortic valve long-axis view.
This view is obtained from the previous view by rotating the
multiplane angle to 120 to 160 degrees (Fig. 26-11 ). The view
is used to assess:
a. The AV annulus, sinus of Valsalva, sinotubular junction,
and AA dimensions

figure 26-10. Midesophageal aortic valve shortaxis view. RA, right atrium; LA, left atrium.

b. AI by using CFD
c. Vegetations or masses attached to the AV
d. Left ventricular outlow tract (LVOT) pathology (e.g.,
hypertrophic septum with possible LVOT obstruction)
e. The presence of calciication or dissection laps in the
proximal AA
4. The midesophageal bicaval view.
This view is obtained from the previous view by turning
the probe shaft to the patient’s right and decreasing the
multiplane angle to ∼110 degrees (Fig. 26-12). The view is
used to:
a. Assess the interatrial septum (aided by CFD) to detect a PFO
or ASD. Evaluate the passage of agitated saline across the
interatrial septum following release of a Valsalva maneuver
b. Guide placement of catheters, wires, and cannulae
c. Examine for the presence of thrombus or tumors
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5. The midesophageal right ventricular inlow–outlow view.
This view is obtained from the previous view by decreasing
the multiplane angle to approximately 60 to 90 degrees (Fig.
26-13). The main uses of the view are to evaluate the:
a. Pulmonary valve (PV) by measuring the pulmonary 7
annulus and to detect pulmonary insuficiency by applying CFD
b. RV and right ventricular outlow tract (RVOT) structure
and function

c. Tricuspid valve (TV) anatomy and function by aligning
the Doppler beam with the RV diastolic blood inlow or a
systolic regurgitation
d. Passage of a PAC across the RV to the PA
6. The midesophageal four-chamber view.
This view is obtained from the previous view by returning the
multiplane angle between 0 and 20 degrees and slightly advancing the probe to the level of the mitral valve (MV). In this view,
the four cardiac chambers and the TV and MV are visualized

figure 26-12. Midesophageal bicaval view.
IVC, inferior vena cava; LA, left atrium; SVC, superior vena cava; RA, right atrium.
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Figure 26-11. Midesophageal aortic valve
long-axis view. LA, left atrium; LV, left ventricle; LVOT, left ventricular outflow tract; RVOT,
right ventricular outflow tract.
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Figure 26-13. Midesophageal right ventricular inflow–outflow view.

8

(Fig. 26-14). Slight withdrawal or antelexion of the probe will
visualize the LVOT and AV and represents the midesophageal
ive-chamber view. The midesophageal four-chamber view is
one of the most recognizable and valuable diagnostic views. Its 9
main uses are to evaluate the:
a. Left atrium, right atrium, RV, and the LV (inferoseptal and
anterolateral walls) size and function
b. TV and MV structure and function; CFD will detect valvular pathology
10
c. Diastolic function
d. The presence of atrial or ventricular septal defect
7. The midesophageal two-chamber view.
This view is obtained from the previous view by rotating the
multiplane angle to 90 degrees. In this view, the left atrial
appendage is examined for the presence of thrombus. Slight

figure 26-14. Midesophageal four-chamber
view. RA, right atrium; RV, right ventricle; LA,
left atrium; LV, left ventricle.

retrolexion is used to avoid a foreshortened view of the LV
so as to visualize the LV apex (Fig. 26-15 ). If the multiplane
angle is rotated to just 60 degrees, then the midesophageal
mitral commissural view is obtained (Fig. 26-16). The main
uses of the midesophageal two-chamber view are to evaluate
the:
a. LV anterior and inferior wall function
b. LV apex as well as to diagnose apical thrombus
8. The midesophageal long-axis view.
This view is obtained from the previous view by rotating the
multiplane angle to 120 to 135 degrees (Fig. 26-17). The main
uses of the midesophageal long-axis view are to evaluate the:
a. LV anteroseptal and posterior wall function
b. LV outlow tract pathology
c. MV anatomy and function
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11

12

9. The transgastric midpapillary short-axis view.
allows immediate diagnosis of hypovolemic state, contractile
The view is obtained by advancing the TEE probe from the
failure, or coronary ischemia.
midesophageal four-chamber view into the stomach, anteThe primary uses of the transgastric midpapillary shortlexing and then withdrawing until contact is made with the
axis view include assessment of the:
gastric wall. The LV is visualized as a doughnut in cross-seca. LV size (enlargement, hypertrophy) and cavity volume
tion and both papillary muscles should be seen (Fig. 26-18).
b. Global ventricular systolic function and regional wall motion
Additional antelexion obtains the transgastric basal short10. The transgastric two-chamber view.
axis view (Fig. 26-19), which allows for inspection of the anteThis view is obtained from the previous one by rotating the
rior and posterior mitral valve lealets. Advancement of the 13
multiplane angle to 90 degrees. The LV is visualized in a longiprobe allows visualization of the LV apex in cross-section. The
tudinal section with the apex at the left of the display and MV
transgastric midpapillary short-axis view is unique in that it
at the right (Fig. 26-20). The primary use of this view is to:
visualizes LV walls perfused by each of the three major coroa. Assess function of the LV anterior and inferior walls
nary arteries. The view is considered to be the most useful one
b. Evaluate the anatomy and function of the MV and chordae
in situations of intraoperative hemodynamic instability as it
tendineae

Figure 26-16. Midesophageal commissural
view.
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figure 26-15. Midesophageal two-chamber
view. LA, left atrium; MV, mitral valve; LV, left
ventricle.
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Figure 26-17. Midesophageal long-axis
view. LA, left atrium; LV, left ventricle; RVOT,
right ventricular outflow tract.

11. The transgastric long-axis view.
slightly withdrawing the probe (Fig. 26-22). The main use of
This view is obtained from the previous view by rotating the
the view is:
multiplane angle to 120 degrees (Fig. 26-21). The main uses
a. Doppler assessment of LVOT and aortic blood velocities
b. Evaluation of AV function with CFD
of the view are to:
13. Descending aortic short- and long-axis views.
a. Position the Doppler beam parallel to blood low across
16
The descending aortic short-axis view is obtained from the
the LVOT and AV
midesophageal four-chamber view by turning the TEE probe
b. Assess systolic function of the anteroseptal and inferolatto the left until the descending aorta in cross-section is seen
eral LV walls
as a circular structure (Fig. 26-23). Rotating the multiplane
12. The deep transgastric long-axis view.
angle to 90 degrees visualizes the descending aorta in a lonThis view is obtained by advancing the probe deep in the
15
gitudinal section as a tubular vascular structure (Fig. 26-24).
stomach, toward the LV apex, and then antelexing and
14

figure 26-18. Transgastric short-axis view.
LV, left ventricle.
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Figure 26-20. Transgastric two-chamber view.

figure 26-21. Transgastric long-axis view. LV, left
ventricle; LVOT, left ventricular outflow tract.
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figure 26-19. Transgastric basal short-axis view.
A1–3, anterior leaflet of mitral valve, scallops 1–3;
P1–3, posterior leaflet of mitral valve, scallops 1–3.
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Figure 26-22. Deep transgastric long-axis view. LV,
left ventricle; LVOT, left ventricular outflow tract.

figure 26-23. Descending aortic short-axis view.

figure 26-24. Descending aortic long-axis view.
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tiplane angle is rotated back to 0 degree, the upper esophaIn order to examine the entire descending aorta, the probe is
geal aortic arch long-axis view is obtained (Fig. 26-26).
gradually advanced and withdrawn in the esophagus. These 18
views are used to:
a. Identify pathology of the descending aorta (atheroma,
three-dimensional echocardiography
hematoma, dissection laps, aneurysm)
b. Assist with placement of guide wires and cannulae (intraIn order to better conceptualize the morphology and patholaortic balloon pump [IABP], aortic cannula)
ogy of the heart, three-dimensional (3-D) image presentation
14. Upper esophageal aortic arch short-axis view.
has been developed. The recent introduction of a real-time 3-D
The view is obtained from the descending aortic long-axis
17
TEE probe makes this goal a reality for intraoperative echocarview by withdrawing the probe in the upper esophagus and
diographers. This technology is capable of acquiring full volturning it to the right until the tubular structure transforms
umes of the left ventricle, of visualizing heart valves in three
into a circular one (Fig. 26-25). The view is used to assess the
dimensions (Fig. 26-27), and assessing the synchrony of LV
presence of pathology in the distal aortic arch and Doppler
contraction.21
assessment of pulmonary artery blood velocities. If the mul-

figure 26-26. Upper esophageal aortic arch longaxis view.
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Figure 26-25. Upper esophageal aortic arch shortaxis view.
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figure 26-27. Three-dimensional
transesophageal echocardiographic
imaging of the base of the heart with
the atria removed, in systole and
diastole. AV, aortic valve; MV, mitral
valve; PV, pulmonic valve; TV, tricuspid valve.
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Uses of 3-D TEE are just emerging. The utility of 3-D imaging of the MV for an MV repair surgery is of particular interest
(Fig. 26-28).22 The capacity of this probe to assess LV contraction synchrony in patients undergoing resynchronization therapy with biventricular pacing may offer a means to maximize
their cardiac output. Additional intraoperative applications
have emerged, involving percutaneous procedures (transcutaneous aortic valve insertion, noninvasive mitral repair, repair of
paraprosthetic leaks, closure of ASD) and open surgical procedures. Guidelines on the use of 3-D echocardiography have also
been published.23

Aortic valve

A1

A2

A3

P1

*

P3

figure 26-28. Three-dimensional imaging of prolapsing middle scallop of the posterior mitral valve leaflet (asterisk). A1–3, lateral, middle
and medial scallops of the anterior mitral valve leaflet; P1, lateral scallop of the posterior mitral valve leaflet; P3, medial scallop of the posterior mitral valve leaflet.

doPPler echocardiograPhy
and hemodynamics
The use of 2-D echocardiography captures high-idelity motion
images of cardiac structures, but not blood low. Blood low indices such as blood velocities, stroke volume, and pressure gradients are the domain of Doppler echocardiography. Unlike 2-D
imaging, which relies on the time delay and amplitude of relected
ultrasound, Doppler technologies are based on the change in
frequency that occurs when ultrasound interacts with moving
objects. Relections from red blood cells are used to determine
blood low velocity and calculate hemodynamic parameters. The
combination of 2-D images and quantitative Doppler measure3 ments create a uniquely powerful diagnostic tool. Accordingly,
Doppler assessments are an essential element of the echocardiographic examination.24
The motion of an object causes a sound wave to be compressed in the direction of the motion and expanded in the
direction opposite to the motion. This alteration in frequency is
known as the Doppler effect. By monitoring the frequency pattern of relections of red blood cells, Doppler echocardiography
can determine the speed, direction, and timing of blood low. The
Doppler equation describes the relationship between the alteration
in ultrasound frequency and blood low velocity (Fig. 26-29)
∆f = v × cos θ × 2ft/c
where ∆f is the difference between transmitted frequency (ft) and
received frequency, v is blood velocity, c is the speed of sound in
blood (1,540 m/s), and θ is the angle of incidence between the
ultrasound beam and blood low. Conceptually, the equation is
simpliied by observing that the change in ultrasound frequency
is related to just two variables: Blood velocity and cos θ. For this
reason the Doppler signal is shifted only by the component of the
blood velocity that is in the direction of the beam path (i.e., v cos θ).

Figure 26-29. Calculating blood flow velocity: The Doppler equation. The Doppler equation calculates blood flow velocity based on two
variables: The Doppler frequency shift (∆F) and the cosine (cos) of the
angle of incidence between the ultrasound beam and the blood flow.
The Doppler frequency shift is measured by the echocardiographic system, but cos θ is unknown, and manual entry by the echocardiographer is required for its estimation. v, flood flow velocity; FT, transmitted
signal frequency; FR, reflected signal frequency; ∆F, difference between
FR, and FT; c, speed of sound in tissue; θ, angle of incidence between
the orientation of the ultrasound beam and that of the blood flow.

When the beam angle divergence is >30 degrees the value of
cos θ decreases rapidly and the Doppler system will markedly
underestimate blood velocity. The requirement of near-parallel
orientation (cos 0 = 1) for Doppler examinations contrasts with
the near-perpendicular orientation preferred for 2-D imaging.
Consequently, the preferred imaging planes for Doppler will differ from those used for 2-D imaging.

spectral doppler
Two Doppler techniques, pulsed wave (PW) and continuous wave
(CW), are commonly used to evaluate blood low. A thorough
understanding of the advantages and disadvantages of each technique is critical in selecting the one most appropriate for the clinical setting at hand.25,26 In clinical practice, PW and CW Dopplers
are frequently used in conjunction with 2-D imaging. The 2-D
image is used to identify the area of interest and guide the echocardiographer in precisely localizing the sampling volume in a
PW study or in directing the beam in a CW study.

Pulsed-wave doppler
PW Doppler offers the echocardiographer the ability to sample
blood low velocity from a particular location. The PW transducer
uses a single crystal as both the emitter and the receiver of ultrasound waves. Like the pulsed echocardiography system described
for 2-D imaging, the PW Doppler system transmits a short burst
of ultrasound toward the target and then switches to receive
mode to interpret the returning echoes. Since the speed of sound
(c) in tissue is constant, the time delay for a signal to reach its
target and return to the transducer depends solely on the distance
(d) to the target. Consequently, relected signals from locations
more distant from the transducer return after a greater time interval. By time gating, the electronic circuitry of the PW transducer
interprets returning echoes only after a predetermined time delay
following the transmission of an ultrasound pulse. In this way,
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only those signals associated with a location, referred to as the
sample volume, are selected for evaluation.
The pulsed-Doppler system uses a repeating pattern of ultrasound transmission and reception. The rate at which the device
repeatedly generates sound bursts is known as the pulse repetition
frequency. Since the speed of sound through tissue is a constant,
the pulse repetition frequency is directly related to the depth of the
sample volume. The pulse repetition frequency is analogous to the
frame rate of a movie camera. Like the multiple frames on a roll
of movie ilm, each ultrasound pulse interacts with the blood low
for a brief period of time, and just as a series of movie frames display motion, a series of pulsed cycles are consecutively analyzed to
determine the blood low. The Doppler data is frequently presented
as a velocity–time plot known as the spectral display (Fig. 26-30B).
Since the pulsed-Doppler data are collected intermittently,
the maximal frequency and blood low velocity that can be accurately measured by PW Doppler are limited. The maximal frequency, which equals one-half the pulse repetition frequency, is
known as the Nyquist limit. At blood velocities above the Nyquist
limit, analysis of the returning signal becomes ambiguous, with
the velocities appearing to be in the opposite direction. A similar effect is seen in movie animation, in which a rapidly spinning
wheel appears to spin backward because of the slow frame rate.
The ambiguous signal from frequencies above the Nyquist limit
produces aliasing, and the velocity signal may appear on the other
side of the zero velocity baseline, hence the term wraparound.
The Nyquist limitation has led to an alternative approach for the
assessment of high-velocity blood lows, namely CW Doppler.

Continuous-wave doppler
The CW Doppler technique avoids the maximal velocity limitation of PW systems by using two crystals, one continuously
transmitting and the other continuously receiving the relected
ultrasound signal. With continuous reception of the Doppler signal, the Nyquist limit is not applicable, and blood lows with very
high velocities are recorded accurately. The CW mode receives
relected signals from blood low throughout its beam path
because it is not time-gated like the PW technique (Fig. 26-30A).
The inability to select blood low from a speciic location favors
the selection of CW Doppler primarily for the detection of the
highest velocities along the beam path, which is useful in applications such as determining the high velocity jet of aortic stenosis.

Color-flow doppler
CFD provides a dramatic display of both blood low and cardiac
anatomy by combining 2-D echocardiography and Doppler (Fig.
26-31). The PW Doppler used for CFD differs from that previously discussed in two important ways. CFD performs multiple
sample volume recordings along each scan line as the beam is
swept through the sector. This approach provides low data at each
location in the sector, which can be overlaid on the structural data
obtained by 2-D imaging. The Doppler velocity data from each
sample volume are color-coded and superimposed on top of the
gray scale 2-D image. In the most widely accepted color code, red
hues indicate low toward the transducer and blue hues indicates
low away from the transducer. The ability to provide a real-time,
integrated display of low and structural information makes CFD
useful for assessing valvular function, aortic dissection, and congenital heart abnormalities. However, an important caveat to its
use in the clinical setting must be noted. Since it relies on PW Doppler measurements, CFD is susceptible to alias artifacts. Aliasing in
the color low map is illustrated in Figure 26-32. This alias pattern
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Figure 26-30. Doppler echocardiography in aortic insufficiency.
A: The deep transgastric (deep TG)
long-axis view is displayed. A colorDoppler sector is placed over the aortic valve and LV outflow tract and the
aortic insufficiency (AI) jet is imaged.
The continuous-wave (CW) Doppler
cursor is positioned at the center of
the AI flow and the spectral display
of the AI jet is shown against time.
The slope of the AI jet is used to
calculate the pressure half time (P½
Time). A short P½ time is associated
with severe AI. b: The descending
aorta is imaged in long axis. The sample volume of pulsed-wave Doppler
is placed upstream. There is a systolic wave above the baseline, as the
blood moves toward the transesophageal echocardiography transducer,
and a diastolic wave (arrow), indicating reversal of aortic flow because of
severe AI. Decel, deceleration.

can be useful to calculate blood low in mitral valve disease using
the proximal isovelocity surface area (PISA) method (Fig. 26-32).

diastolic), and anatomic defects are commonly assessed with
perioperative Doppler echocardiography.27

Hemodynamic Assessments

Volumetric Flow Assessments

Doppler echocardiography’s ability to quantitatively measure
blood velocity yields a wealth of information on the hemodynamic state. Stroke volume, chamber pressures, valvular disease,
pulmonary vascular resistance, ventricular function (systolic and
figure 26-31. Evaluation of aortic
insufficiency (AI). Color-flow Doppler of the aortic valve (AV) in the
midesophageal long-axis view. AI is
graded using (1) the relative ratio of
the AI jet thickness to the diameter of
left ventricular outflow tract (LVOT);
both measurements are performed
at the same site, usually within 0.5 to
1 cm proximal to the AV plane; and
(2) the width of the AI jet as it crosses
the AV cusps (vena contracta).

Measurements such as stroke volume and cardiac output express
the volume of blood ejected by the heart over time. Volumetric
parameters are calculated using the principle that volumetric low
(Q) equals blood low velocity (v) times the cross-sectional area
(CSA) of the conduit, that is Q = v × CSA. To determine volumetric
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lows with echocardiography, a Doppler measurement of the blood
low velocities and a 2-D measurement of the CSA are recorded.

heart (e.g., the LVOT) is equal to the mass or volume of blood
passing through another site (e.g., the aortic valve).
Volumetric Flow1 = Volumetric Flow2; therefore

Stroke Volume and Cardiac Output

CSA1 × VTI1 = CSA2 × VTI2 and

To calculate stroke volume, the instantaneous velocities during systole are traced from the spectral display and the echocardiographic
system’s software package calculates the time–velocity integral
(VTI, in centimeters). In effect, the VTI represents the distance
(v × t = d) blood traveled during systole (i.e., stroke distance). By
multiplying the VTI by the CSA (in square centimeters) of the conduit (e.g., aorta, MV, PA) through which the blood traveled, the
stroke volume (in cubic centimeters) is obtained: SV = VTI × CSA
(Fig. 26-33).28–30 Cardiac output, which expresses volumetric low in
cubic centimeters per minute, is estimated from the product of SV
and heart rate: CO = VTI × CSA × HR. Figure 26-34 demonstrates
calculation of cardiac output and stroke volume from the LVOT.

CSA1 = CSA2 × VTI2/VTI1

Valve Area
The Continuity Equation. The principle of conservation of mass
is the basis of the continuity equation, which is commonly used to
measure the aortic valve area.31 The continuity equation simply
states that the volume of blood passing through one site in the

Figure 26-35 demonstrates calculation of AV area using this
approach.

Pressure Assessment
The Bernoulli Equation. Pressure gradients are used to estimate
intracavitary pressures and to assess conditions such as valvular
disease (e.g., aortic stenosis), septal defects, outlow tract obstruction, and major vessel pathology (e.g., coarctation). As blood
lows across a narrowed or stenotic oriice, blood low velocity
increases. The increase in velocities relates to the degree of narrowing. In the clinical situation, the simpliied Bernoulli equation
describes the relation between the increases in blood low velocity and the pressure gradient across the narrowed oriice:11 ∆P =
4Vmax2 where ∆P in millimeters of mercury is the pressure gradient
across the narrowed oriice and Vmax4 in meters per second is the
maximum velocity across that oriice measured by Doppler.

figure 26-33. Determination of stroke volume. Volumetric flow can be determined from a combination of
area and velocity measurements. In this example, the
flow through the ascending aorta is used to determine
the stroke volume. Integrating the Doppler-derived flow
velocities over time (known as the time–velocity integral)
during a single cardiac cycle calculates the stroke distance. The cross-sectional area measurement is obtained
by two-dimensional echocardiography. The product of
these two measurements, conceptualized as a cylinder, is
the stroke volume. CSA, cross-sectional area; AoV, aortic
valve.

CSA
Stroke distance

V

t

AoV close
Stroke distance (cm) = v × t = ∫ vdt
AoV open
Stroke volume (mL) = Stroke distance × CSA
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Figure 26-32. Doppler evaluation
of mitral regurgitation (MR) severity.
MR severity is evaluated using color
Doppler. A: MR jet is imaged with
color-flow Doppler (midesophageal
two-chamber view). The Nyquist limit
is moved upward to demonstrate
flow acceleration inside the left ventricle and the neck (vena contracta)
of the MR jet. b: Zoom of the proximal MR jet allows measurement of
the proximal isovelocity surface area
(PISA) radius and calculation of the
incompetent mitral valve orifice.
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Figure 26-34. Stroke volume calculation. Stroke volume is equal to the
blood flow crossing the left ventricular
outflow tract (LVOT). In the deep transgastric long-axis view, the LVOT orifice
(large oval) can be calculated from the
LVOT diameter (D). The blood flow velocity across the LVOT is measured with
pulsed Doppler, and the velocity time
integral (VTI) by tracing the velocity
envelope. RV, right ventricle; LA, left
atrium.

Thus in clinical echocardiography, pressure gradient is
obtained by the straightforward process of measuring the peak
velocity of blood low across the lesion of interest.32,33 The measured peak velocity is then entered into the simpliied Bernoulli
equation to estimate the pressure gradient.
The Bernoulli equation is commonly employed to measure
the pressure gradient across a stenotic valve. In addition, the rate
of decline in the pressure gradient across the valve is related to
the severity of the disease.34,35 This pressure half-time is the time
figure 26-35. Evaluation of aortic
stenosis. Calculation of aortic valve
area using the “double envelope” technique. The cursor of continuous-wave
Doppler is placed in the middle of the
blood flow traversing the stenosed aortic valve, and two envelopes are identified. The one with the slower velocity is
from the left ventricular outflow tract
(LVOT) and the one with the fastest
is from the aortic valve (AV). The envelopes of the velocities are traced to
derive the respective velocity time integrals (VTI). The aortic valve area is calculated using the continuity equation.
D, diameter.

required for the peak transvalvular pressure gradient to decrease
by 50%. Typically, a larger oriice will have a shorter pressure
half-time as pressures equalize faster.

Measurement of Intracavitary Pressures
Intracavitary and pulmonary arterial pressures are estimated from
the pressure gradient across two adjacent chambers. The pressure
gradient is deined as the difference in pressure from the “driving”

TaBle 26-1. CalCulation of
Cardiopulmonary pressures
Pressure

Equation

RVSP or PASP
PAMP
PADP
LAP
LVEDP

= 4(VTR)2 + RAP
= 4(Vearly PI)2 + RAP
= 4(Vlate PI)2 + RAP
= SBP − 4(VMR)2
= DBP − 4(VAl end)2

RVSP, right ventricular systolic pressure; PASP, pulmonary artery systolic pressure; v, peak velocity; TR, tricuspid regurgitation; RAP, right atrial pressure;
PAMP, pulmonary artery mean pressure; Pl, pulmonic valve insuficiency; PADP,
pulmonary artery diastolic pressure; LAP, left atrial pressure; SBP, systolic blood
pressure; MR, mitral regurgitation; LVEDP, left ventricular end-diastolic pressure; DBP, diastolic blood pressure; Al, aortic insuficiency.

chamber to the “receiving” chamber. Echocardiographically, the
pressure gradient is calculated from the Doppler-derived velocities
of the regurgitant jet into the receiving chamber.36–38 Table 26-1
provides calculations of intracardiac and PA pressures.

echocardiograPhic eValuaTion
of sysTolic funcTion
Evaluation of LV systolic function is a primary component of
every echocardiographic examination. Information about global
as well as regional LV performance is accomplished by assessing the size, shape and LV contractile function. Both qualitative
assessments (which are inherently subjective) and quantitative
techniques (which produce hard numerical estimates) are useful:
2-D and motion mode (M-mode) image the LV walls and cavity and Doppler echocardiography measures the velocity of blood
low and moving tissue.

left Ventricular Walls
The LV cavity and walls at the basal, mid, and apical levels are
evaluated in the midesophageal and transgastric views. From the
midesophageal position, the TEE imaging array is rotated electronically in a clockwise fashion to scan the entire circumference
of the LV cavity and walls in a longitudinal orientation. Further
advancement of the TEE probe to the transgastric position combined with anterior lexion (antelexion) of the probe sequentially
images the LV short axis from its base to apex. The echocardiographic imaging of blood and myocardium is based on their different acoustic properties: Muscle tissue is relective and imaged in
shades of gray, while ultrasound easily propagates through blood,
resulting in the LV cavity appearing dark. Their interface is the
endocardial surface, which typically produces the brightest signal.
The evaluation focuses on the shape, size, and motion of LV walls.
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(midesophageal four-chamber, midesophageal ive-chamber) the
inferolateral wall of the LV appears on the right of the TEE monitor screen and the inferoseptal wall on the left. Clockwise rotation
of the multiplane angle to about 90 degrees (midesophageal twochamber) will image the long axis of the LV, with the anterior and
inferior walls presented on the right and left sides of the monitor,
respectively. Further rotation to approximately 135 degrees will
image the LV anteroseptal and inferolateral walls on the right and
left sides of the screen.
The echocardiographer must be careful to image the LV along
the true long axis in the midesophageal views. Often, in the
midesophageal four-chamber view, the imaging plane may cut
obliquely in an anterior direction, which causes an increase in
the apparent wall thickness and foreshortens the LV cavity. This is
avoided by conirming that the LV long-axis measurement approximates that of the LV length (as measured from the mitral annular
plane to the apex, typically in the midesophageal two-chamber
view). In many cases slight retrolection or rotation of the multiplane angle from 0 to 20 degrees is helpful to achieve the best
alignment. The LV walls are divided into three segments each—
basal, mid, and apical—as deined by lines drawn perpendicular
to the LV long axis at the tips and base of the papillary muscles.
From the transgastric position, the LV is seen along its short
axis, and its shape resembles a doughnut. The basal segments are
imaged in short axis with the TEE probe in the distal esophagus or
very high up inside the stomach. At this depth, the mitral lealets
(base of heart) are seen “enface” (Fig. 26-19). Gradual advancement of the TEE probe into the stomach images the mid LV segments (Fig. 26-18). Here, the anatomic landmark is the body of
the papillary muscles at 2 o’clock (posteromedial) and 5 o’clock
(anterolateral). Further advancement of the TEE probe will image
the LV apex, much thicker and with smaller cavity. In either midesophageal or transgastric imaging planes, the LV walls thicken in
systole and thin in diastole. As seen in the midesophageal views,
the LV base descends toward the LV apex and ascends at diastole.

Aneurysms
Aneurysms appear as a dilated part of the LV perimeter with
thinned wall(s) and decreased motion. Aneurysms are always
pathologic and usually due to ischemia-related necrosis and weakening of the LV wall. Aneurysms are separated into true and false.
If all myocardial layers (epi-, mid-, and endocardium) are present
in the wall of the aneurysm, it is called a true aneurysm. The “neck”
of a true aneurysm is usually wide, and the aneurysmal cavity shallows with a smooth transition from normal to aneurysmal walls.
An aneurysm is called false or “pseudo” if the LV wall contains
only some of the myocardial layers (usually the epicardium and
part of the midwall). False aneurysms are caused by necrosis of
the LV wall, usually from myocardial infarction. Sometimes, the
wall of a false aneurysm consists only of the attached pericardium.
False aneurysms have a narrower neck and the transition between
healthy and diseased wall segments is abrupt. A false aneurysm
is prone to rupture and is treated surgically. Blood low is sluggish within aneurysms. Red blood cells clump together, which
increases echogenicity and creates spontaneous echocardiography
contrast, a smoke-like appearance inside the LV cavity. Thrombus, appearing with brightness similar to that of myocardium but
clearly separated from the LV wall, can also develop in aneurysms.

shape
The LV’s longitudinal shape is evaluated in the midesophageal
views (Fig. 26-36). It appears bullet-shaped with the mitral annulus and lealets comprising its broad base, and the walls tapering
toward its apex. In the midesophageal view at 0-degree rotation

texture
The texture of the LV walls may offer additional information
in patients with iniltrative cardiomyopathies, such as amyloid,
where the thickened myocardium has a speckled appearance.
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Figure 26-36. Left ventricular (LV)
walls. In the esophagus, the transesophageal echocardiography (TEE)
probe is rotated clockwise from 0 to
140 degrees to obtain the midesophageal (ME) views. Advancement of
the TEE probe inside the stomach
obtains the transgastric (TG) midpapillary short-axis view. In the ME views,
the LV is divided in basal, mid, and
apical segments. 4C, four-chamber;
2C, two-chamber; LA, left atrium;
RA, right atrium; RV, right ventricle.

Wall thickness

consecutive cardiac cycles (Fig. 26-37). The electrocardiogram
is used to deine systole and diastole. The function of each wall
LV hypertrophy is termed concentric if the cavity is not increased
segment is scored as shown in Table 26-2.44 The wall motion
(usually resulting from increased pressure work) and eccenscore index is the sum of all scores divided by the number of
tric when there is LV dilation (usually resulting from increased
segments evaluated. The evaluation of segmental wall motion
volume work). The diagnosis is made by summing the endto detect ischemia is not error-free. In addition to being a subdiastolic (ED) wall thickness of the anteroseptal and inferolateral
jective assessment, wall motion may be affected by tethering,
LV segments in the basal transgastric short-axis view, just at the
regional loading conditions, and stunning.45 Epicardial pacing
tips of the papillary muscles (Fig. 26-37). Normal values are 18 ±
of the free wall of the right ventricle (RV) (as in the post-bypass
2 mm (men) and 15.5 ± 1.5 mm (women).
period) produces a left bundle block and induces septal wall
motion abnormalities. Interobserver reproducibility is better
for normally contracting segments than for dysfunctional segsegments and regional Function
4 ments.46 Because of these issues, wall thickening is a more reliable marker of regional function.
Abnormal myocardial wall systolic thickening is a sensitive
marker of myocardial ischemia that appears earlier than electrocardiographic and hemodynamic changes.39–41 Regional LV
systolic function relects the regional myocardial blood low.42
left Ventricular Cavity
The association of the regional LV wall motion with the underlying coronary artery distribution is used to diagnose local perdiameters
fusion defects. The LV is divided into 17 regional segments43
(Fig. 26-36). Along the longitudinal plane each wall is divided
The LV cavity is deined by its long and short axes. The LV major
into basal, mid, and apical levels. The basal and mid levels are
(or long) axis dimension is measured in the midesophageal twofurther divided into anterior, inferior, two septal (anteroseptal
chamber view, from the base of the mitral annulus to the LV apex
and inferoseptal), and two lateral (anterolateral and inferolat(Fig. 26-38) while the minor (or short) axis dimension is meaeral) segments. The apical level is divided into four segments
sured in either the midesophageal or transgastric two-chamber
(anterior, inferior, septal, and lateral) and the apical cap is the
views, perpendicular to the long axis, at the height of the papillary
seventeenth segment. To limit misdiagnosis, evaluation of each
muscle tips. The minor axis is equal to one-half of the long-axis
segment is done in at least two different views, ensuring that
measurement. Proper measurement of the LV minor axis is used
both endocardium and epicardium are visible. A midesophageal
to quantify the LV end-diastolic (ED) volume. Normal LV ED
or transgastric view is digitally stored and played over time. The
dimensions (EDDs) are 4.2 to 5.9 cm (men) and 3.9 to 5.3 cm
segmental (or regional) function is evaluated by noticing the
(women). An increased LV EDD denotes LV dilation and volume
presence or absence of endocardial excursion (toward the LV
overload, while a decreased LV EDD denotes hypovolemia and
cavity) and degree of systolic wall thickening during one or two
inadequate preload.
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Figure 26-37. Two-dimensional
evaluation of left ventricular (LV)
global and regional functions. Regional and global evaluation of the
LV using the transgastric short-axis
view at the midpapillary level. Measurements are performed at end-diastole (ED) and end-systole (ES). top
panels: Measurement of diameters
(D), areas (A), and wall thickness.
Wall thickness is measured at ED in
the anteroseptal and inferolateral
wall segments. bottom panel: Diameter and wall thickness measured
using method mode with the cursor
crossing the middle of inferior (top)
and anterior (bottom) segments.
The percent change of wall thickness
of the midanterior wall segment can
be used to grade its regional function. In this example, wall motion
score (WMS) is 1 (normal) because
the segment thickens >30%.

Global systolic Function
Systolic function is responsible for delivering a suficient amount of
blood to the vessels at a high enough pressure to perfuse the tissues
adequately. A variety of echocardiographic measurements are used
to evaluate the components (preload, afterload, and contractility),
which collectively deine LV global systolic function. The techniques for LV evaluation are described in detail in references.47,48

Percent Fractional shortening (%Fs)
FS measures the relative change of the LV short axis diameter between
ED and end-systole (ES; Fig. 26-37). FS is a one-dimensional, unitless measurement of systolic function. Measurements are done in
the transgastric midpapillary short-axis view, just above the papillary muscles. A larger number occurs when the LV has normal or
increased systolic function. FS is not a substitute for ejection fraction

TaBle 26-2. GradinG of Wall funCtion

Regional
Function
Normal
Hypokinetic
Akinetic
Dyskinetic

Aneurysmal

Grade
1
2
3
4

5

Inward Radial
Motion (Systolic Wall
Thickening)
>30% (marked)
>10% to <30% (reduced)
<10% (negligible)
Paradoxical systolic
motion (systolic
thinning)
Diastolic deformation

(EF) and may overestimate systolic function if there is LV dilation or
abnormal wall motion at another level. %FS = (LV EDD – LV ESD)/
(LV EDD) × 100 and is normally 27% to 45%.

Volumes
LV volume measurements are used to calculate preload (ED volume [EDV]) as well as stroke volume (SV) and EF. The ED and
ES LV volumes can be derived from manually tracing the endocardial border in ED and ES, respectively.
LV volume is commonly measured using the modiied
Simpson or the area length method. The biplane method of discs
(or modiied Simpson’ rule) conceives a series of disks inside the
LV cavity, which have equal thickness and are stacked like coins
along the LV long-axis dimension (Fig. 26-38). The diameter
of each disk is the short-axis dimension as deined from the LV
endocardium tracing. Measurements are performed in the midesophageal four- and two-chamber views. Alternatively, the area
length method can be used to calculate LV volume: LV volume =
5/6 × [(area) × (length)]. This approach is performed in one of
the previous views and calculates the LV volume using the endocardial-enclosed area and the LV major axis (Fig. 26-38). In most
adults, an ED area <12 cm2 indicates hypovolemia.49 Reliable and
correct visualization of the endocardial border is paramount for
accurate measurement of LV volumes with either method. The
methods underestimate LV volume when the LV cavity is “foreshortened.”

Percent Fractional Area Change (FAC)
FAC is the percent difference between ED and ES LV areas (Fig.
26-37). The LV area is measured by manually tracing the endocardial border in the transgastric midpapillary short-axis view in
ED and in ES. The papillary muscles are not traced. Unlike LVEF
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figure 26-38. Quantitation of left
ventricular (LV) systolic function. The
midesophageal (ME) LV four-chamber
(ME 4C) and two-chamber (ME 2C)
views are obtained. The images are
examined in end-diastole (ED) and
end-systole (ES). The LV endocardium
is traced. This automatically defines
the LV area (A) and long axis (L).
The system software will calculate
LV volumes using either the method
of discs (MOD) or the area–length
method (AL). EF, ejection fraction;
EDV, end-diastolic volume; ESV, endsystolic volume; SV, stroke volume.

measurements, FAC does not take into account the presence of
wall motion abnormalities at a different level; for example, the
function of the LV apex, which is frequently involved in coronary
artery disease. Therefore, caution is advised when interpreting
FAC. Normal values are 56% to 65%.50

(EDV – ESV)/EDV × 100. Normal values are: EDV, 67 to 155 mL
(men), 56 to 104 mL (women); ESV, 22 to 58 mL (men) and 19 to
49 mL (women); %EF, >55%.

Visual estimation of FAC

Sluggish low will clump together red blood cells, producing
spontaneous echocardiography contrast, which is imaged as
“smoke.” Thrombus is also found if there is blood stasis, such as
inside an aneurysm or at the LV apex. These indings are often
present when LV function is depressed.

The most frequently used technique to evaluate global LV function as well as preload is visual estimation of FAC, often referred
to as the eyeball EF. Although highly subjective, it is practiced
widely and is accurate in experienced echocardiographers, especially in normally contracting ventricles.51 With LV dysfunction,
visual evaluations of FAC become less reproducible among different observers.46

ejection Fraction
EF is the most frequently used estimate of LV systolic function.
The evaluation of EF provides prognostic information about
mortality and morbidity.52 EF and stroke volume are affected
by factors such as preload, afterload, and heart rate, and thus
are not always indicators of intrinsic systolic function. Typical
clinical scenarios in which EF does not represent LV systolic
function include the hypercontractile LV in mitral regurgitation (where more than half of ED volume may regurgitate
inside the left atrium) or the hypocontractile LV in aortic stenosis (where LV systolic performance is poor despite preserved
contractility).

stroke Volume
Stroke volume is calculated as the difference between EDV and
ESV, and percent EF is calculated as %EF = SV/EDV × 100 =

Associated Findings

tissue echocardiography—Myocardial Velocity
Tissue Doppler imaging (TDI) measures the velocity of myocardial motion along the longitudinal axis and is a sensitive measurement of regional and global functions and outcome.53 The
myocardial velocity is measured from the basal LV segments with
the sample volume placed next to the mitral annulus. The velocities are comprised of a systolic (S′) followed by, in the opposite
direction, two diastolic waves, one early (E′) and one following
atrial contraction (A′). A reduced, or delayed S′ velocity is associated with development of regional ischemia (Fig. 26-39).54

eValuaTion of lefT VenTricular
diasTolic funcTion
An increased recognition of the impact of LV diastolic function on
the overall cardiac function and outcome has driven efforts to both
monitor and optimize diastolic performance in the perioperative
period. The presence of preoperative asymptomatic ventricular
dysfunction, in patients undergoing vascular surgery, is associated
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Figure 26-39. Tissue Doppler imaging. Myocardial velocity of basal
anterolateral segment of left ventricle
is measured with pulsed-wave tissue
Doppler. ME, midesophageal; S’, systolic velocity; E’, early diastolic velocity; A’, late diastolic velocity.

with increased short- and long-term morbidity and mortality.55
Furthermore, there is a signiicant association between the presence of perioperative diastolic dysfunction and postoperative
heart failure as well as increased hospital length of stay.56 Several
echocardiographic studies have suggested that patients with diastolic dysfunction presenting for cardiac surgery may be prone to
intraoperative hemodynamic instability and worse outcomes.57,58
These reasons support diastolic function assessment as part of the
comprehensive perioperative echocardiographic examination.59
Doppler echocardiography is the preferred technique to assess
diastolic performance and grade the severity of the disease process.
Diastolic dysfunction is deined as the inability of the LV to
ill at normal left atrial (LA) pressures and is characterized by a
decrease in relaxation and/or LV compliance. Diastolic dysfunction may be present in the absence of clinical symptoms of heart
failure. When these symptoms occur in the presence of diastolic
dysfunction, then the diagnosis of diastolic heart failure is made.

diastolic Physiology

diastasis, and atrial contraction. The early illing phase coincides
with and depends on the continuation of relaxation.
Ventricular illing is affected by load factors (preload and
afterload) as well as mechanical factors such as ventricular relaxation and compliance, ventricular contraction, atrial contraction
and MV dynamics, viscoelastic forces of the myocardium, and
pericardial restraint.
The early manifestation of diastolic dysfunction is characterized by an impaired relaxation, implying that the rate and
duration of decrease in LV pressure after systolic contraction is
prolonged. This results in an inability of the LV to ill adequately
during the rapid illing phase. A compensatory increase in illing
occurs with atrial contraction. This stage of disease is known as
grade I diastolic dysfunction. In more advanced stages of disease,
grades II and III of diastolic dysfunction, a decrease in LV compliance ensues. Compliance is deined as a change of volume with
respect to a change in pressure. Thus, a decrease in LV compliance
will lead to a disproportionate increase in LV pressures and, ultimately, LA pressures.

Traditionally, the cardiac cycle has been divided into two phases:
echocardiographic Assessment of left
Systole, comprising isovolumic contraction and ejection, and diastole, comprising isovolumic relaxation, rapid illing, diastasis, and
Ventricular diastolic Function
atrial contraction. Rather than a passive phase of the cardiac cycle
when illing of the heart occurs, diastole is currently regarded as
Echocardiography has become the diagnostic modality of choice
being intimately coupled and interdependent with systole. In this
for patients with diastolic dysfunction. Echocardiographic assessrespect, Nishimura and Tajik.60 have proposed dividing the carments have been validated by cardiac catheterization and correlate
with clinical presentation.61 The American Society of Echocardiac cycle into three phases: Contraction, relaxation, and illing.
Contraction encompasses the isovolumic contraction and the irst
diography has issued recommendations for evaluating and grading
half of ejection. The critical insight into the proposal of Nishimura
the left ventricular diastolic function using a combination of 2-D
and Tajik is that relaxation begins during the second part of ejecechocardiography, pulsed-wave Doppler, M-mode color Doppler,
tion, and then continues during the isovolumic relaxation and
and tissue Doppler.62,59 This section is limited to the discussion of
rapid illing phases, illustrating the interdependency of systole and 5 the two most commonly used methods: Pulsed-wave Doppler of
diastole. The illing phase consists of the early rapid illing phase,
transmitral and pulmonary vein lows (PVFs) and TDI.
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imaging Views and techniques
The echocardiographic acquisition of the diastolic parameters is
best done when integrated in a standard examination. The typical
view used for both transmitral low Doppler (TMF) as well as for
the TDI is the midesophageal four-chamber view. Interrogation
of the pulmonary vein is usually performed in the midesophageal
commissural or midesophageal two-chamber views. The interrogation volume sample should be placed at the tips of the MV
for TMF assessment and 1 to 2 cm inside the pulmonary vein for
the PVF assessment. For TDI of myocardial velocity proiles, the
sample volume is typically placed at the junction of the mitral
annulus and the lateral wall.

interpretation of Pulsed-wave doppler
Flow Velocity Curves
Relaxation, the active phase of diastole, commences with the dissociation of actin–myosin cross-bridges and a lowering of the
intracellular calcium. LV pressure begins to fall and eventually
becomes lower than ascending aortic pressure, resulting in closure of the AV. As the ventricle continues to relax, the LV pressure falls below LA pressure, reaching its nadir, and promotes
opening of the MV. At this point, the pressure gradient between
the LA and LV is maximal and early rapid illing phase of the LV
occurs. This phase is responsible for 80% to 90% of LV illing. As
the ventricle ills, the LV pressure gradually rises and equates the
pressure in the LA; thus, minimal low or diastasis occurs. With
commencement of the atrial contraction phase, the pressure gradient between the LA and LV rises once again and blood lows
from the LA to the LV. At the end of the LA systole, the pressure
in the LV rises above the LA pressure and promotes closure of the
MV (Fig. 26-40).
Doppler assessment of the TMF and PVF velocities relects
the instantaneous pressure gradient (see previous discussion of
the Bernoulli principle). Therefore, the displayed velocity waveforms parallel the changes in pressure gradient occurring in the
left heart. The TMF proile consists of two waves, the “E” and “A”
waves. The peak E wave represents the peak early illing velocity.
The rate of decrease of velocity following the peak E velocity is
known as the deceleration time (DT). The DT depends on how
fast the pressure rises in LV during the rapid illing phase and
represents a direct measure of ventricular compliance. Thus, if
the ventricular compliance decreases, the DT shortens. The peak
A wave represents the peak blood velocity during atrial contraction. In a normal individual, the E wave is slightly larger than the
A wave and the DT is 200 ± 40 msec (Fig. 26-41).
Similar events take place in the LA. Ventricular contraction
lowers the MV annulus creating a suction effect and promoting blood low from the pulmonary veins to the LA. Filling of
the LA decreases the pressure gradient between the pulmonary
veins and LA and blood low plateaus. As the MV opens, an open
conduit forms between the pulmonary veins, LA, and LV; thus,
additional forward low to the LA occurs. Subsequently, atrial
contraction raises LA pressure above pulmonary vein pressure
and promotes backward blood low into them. A normal PVF
velocity curve consists of systolic forward low representing the
“S” wave, diastolic forward low representing the “D” wave, and a
reversal of velocity during atrial contraction representing the “a”
wave (Fig. 26-41).
As diastolic dysfunction develops, the patterns of the low
velocity curves change in concordance with the pressure gradient
changes in the pulmonary vein—LA–LV system. In grade I diastolic
dysfunction, as the LV is incompletely relaxed when early ventricular illing occurs, the pressure gradient, and thus E wave velocity,

Figure 26-40. Diastolic phase of the cardiac cycle. During isovolumic relaxation (1) left ventricular (LV) pressure falls rapidly following
aortic valve closure (AVC). When LV pressure decreases below left atrial
(LA) pressure, the mitral valve opens (MVO), initiating early, rapid LV
filling (2). Equilibration of LV and LA pressures results in diminished
transmitral flow during diastasis (3) until atrial contraction (4). Diastole
terminates with mitral valve closure (MVC). (Reproduced from Plotnick
GD. Changes in diastolic function—difficult to measure, harder to
interpret. Am Heart J 1989;118:637, with permission.)

is less than normal. The delayed relaxation prolongs LV illing late
into diastole, and therefore the DT is prolonged. A compensatory
increase in TMF during atrial contraction, due to the higher residual atrial preload, generates a high A wave velocity. Thus, the TMF
curve of an individual with abnormal relaxation is represented by
a low E, high A, and prolonged DT. The increased residual atrial
preload generates a smaller pressure gradient between the pulmonary veins and LA; thus, less low to the LA occurs during the early
illing phase. This is represented on the PVF curves as a higher S/D
ratio as compared to normal (Fig. 26-41).
Progression of diastolic disease leads to grade II diastolic
dysfunction, which is marked by decreases in LV compliance.
LA pressure rises as a compensatory mechanism to normalize
the pressure gradient across the MV. In this scenario, the TMF
velocities resemble the normal curve; thus, this stage is known as
pseudonormal. Because of the high LA pressure, less low from the
pulmonary veins occurs during ventricular systole, generating a
lower S wave on the PVF curves, and thus a lower S/D ratio. During atrial contraction, a larger amount of blood is pushed back in
the pulmonary veins, represented by a deeper a wave (Fig. 26-41).
Grade III diastolic dysfunction, known as the restrictive phase,
is characterized by a signiicantly decreased LV compliance.
The high LA–LV pressure gradient produces a fast acceleration
of blood low in the LV. This is represented by a high E velocity on the TMF curve. LV pressure increases rapidly during illing because of the increased LV stiffness resulting in a short DT.
The forward illing velocity at atrial contraction is low (small
A wave) because of the decreased compliance. The elevated LA
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Figure 26-41. The impact of progressive left ventricular (LV) diastolic dysfunction on transmitral Doppler flow
(TMDF) and pulmonary venous Doppler flow (PVDF). The transmitral pressure gradient is initially elevated in normal,
young individuals because of vigorous LV relaxation and elastic recoil, before diminishing when relaxation becomes
impaired and finally increasing again when left atrial pressure increases from an elevated LV end-diastolic pressure
in the restrictive pattern of LV diastolic dysfunction. Respective changes are noted in pulmonary vein (PV) profile. E,
E-wave; A, A-wave; IVRT, left ventricular isovolumic relaxation time; PVAR, late diastolic retrograde velocity; PVS1, first
systolic component; PVS2, second systolic component; PVD, diastolic component.

pressures inhibit blood low from the pulmonary veins to the LA
during ventricular systole, and the PVF curves show a decreased
S/D ratio (Fig. 26-41). One of the important caveats to assessing
diastolic function using pulsed-wave Doppler is that the low patterns depend on pressure gradients and therefore are affected by
both preload and afterload. In settings in which the load conditions vary at a fast pace, such as the operating room, changes in
TMF or PVF velocities may be dificult to interpret. TDI, which
directly measures myocardial velocities, provides a more loadindependent method of diastolic function assessment.63
The normal mitral annular TDI proile has a biphasic diastolic
component: The early diastolic wave E′ related to the early illing
and the late diastolic wave A′ related to atrial contraction (Fig.
26-39). In a healthy patient, the TDI pattern mirrors the TMF
pattern, except with lower velocities. E′ relects LV relaxation and
values <8 cm/s are considered a sign of diastolic dysfunction.64
Thus, in patients with pseudonormal or restrictive disease, in
whom normal or elevated E wave TMF velocities occur despite
advanced pathology, the TDI E′ wave remains reduced, making it
a useful approach to diagnosis.

Pericardial disease: Constrictive Pericarditis
and Pericardial tamponade
Diastolic illing is also impacted by pericardial restraint. Pericardial pathologies, such as constrictive pericarditis or pericardial
tamponade, impede diastolic low.65 On TMF Doppler proiles
these diseases resemble the diastolic restrictive illing pattern.
Two-dimensional echocardiography can be helpful in differentiating among these pathologies. In constrictive pericarditis the
pericardium appears thick, ibrotic, calciied, and thus echogenic;
the inferior vena cava is dilated and the ventricular septum has an
abnormal motion.

Pericardial effusions can be global, surrounding the entire heart,
or loculated, as seen mostly after cardiac surgery (Fig. 26-42). Since
the intrapericardial volume is constant, cardiac chambers are compressed when at their lowest pressure (atria in systole, ventricles in
diastole). Pericardial tamponade is characterized by the presence
of a large pericardial effusion seen as an echo-free (black) space, a
“swinging motion” of the heart, early diastolic RV collapse, and late
diastolic right atrium (RA) collapse.
In summary, diastolic illing is an active process and a major
component of effective cardiac performance. The presence of diastolic dysfunction, whether resulting from loss in luid volume, LV
disease, or pericardial restraint, is associated with potential deleterious surgical outcomes. Doppler echocardiography, in particular
TDI, provides the anesthesiologist the means to rapidly diagnose
and guide therapy of such patients in the perioperative period.

eValuaTion of ValVular
hearT disease
Two-dimensional echocardiography and Doppler are complementary methods in valve assessment. The 2-D echocardiography
provides evaluation of valve anatomy and function and Doppler
assesses the physiologic consequences and severity of the lesion.

Aortic stenosis
two-dimensional and M-mode echocardiography
The normal aortic valve (AV) has three cusps, which open without restriction in systole, yielding an AV area 3 to 4 cm2. The
appearance of the valve and the systolic excursion of its cusps
are imaged with 2-D and M-mode echocardiography. The AV is
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Figure 26-42. Echocardiographic
findings in pericardial effusion.
A: Global pericardial effusion (asterisks) surrounding both right ventricle
(RV) and left ventricle (LV). Transgastric
short-axis (TG SAX) view. b: M-mode
echocardiography demonstrates separation of the epicardium from the
pericardium (asterisks) from pericardial effusion. C: Regional pericardial
effusion (asterisks) compressing the
left atrium (LA), seen in the midesophageal long-axis (ME LAX) view.
d: M-mode echocardiography reveals
systolic compression (asterisk) of LA.
e: After evacuation of the fluid collection, the LA size increases.

imaged enface in the midesophageal aortic valve short-axis view
and its proile in the midesophageal aortic valve long-axis view
(Figs. 26-10 and 26-11). With the TEE probe inside the stomach, the AV is imaged in the deep transgastric long axis and
transgastric long-axis views (Figs. 26-21 and 26-22). Owing to the
increased afterload, associated indings may include concentric
hypertrophy of the LV, decreased EF, as well as mitral regurgitation and left atrial dilatation.

volume and cardiac output. An LV with normal function will
generate a large pressure gradient across a critically stenosed AV,
and a dysfunctional LV will not.68

Valve Area

Using the continuity equation, the low across the LVOT equals
the low across the stenosed AV or VTILVOT × AreaLVOT = VTIAV ×
AreaAV. By rearranging the equation, AreaAV = (VTILVOT ×
AreaLVOT)/(VTIAV). The AreaLVOT is calculated using the LVOT
doppler echocardiography
diameter at the site of the Doppler measurement (Fig. 26-35).
An error in the LVOT diameter measurement is geometrically
Jet Velocity, Transvalvular Pressure Gradient. The transvalvular
increased as AreaLVOT = π × (D/2)2). The VTILVOT/VTIAV ratio
pressure gradient can be calculated from the CWD-measured
is often calculated to avoid this error as low changes will be
velocity (V) using the modiied Bernoulli equation: ∆P = 4 × V2.66
relected proportionally across both the AV and LVOT (Doppler
The mean gradient, calculated from the VTI tracing is commonly
dimensionless index). An index value <0.25% indicates an AV
reported as it correlates well with the angiographically determined pressure gradient.67 However, for any given valve area, the 6 area <0.75 cm2. The echocardiographic cut-off values for grading
aortic stenosis are shown in Table 26-3.69
low velocity and pressure gradient vary with changes in stroke

TaBle 26-3. GradinG of aortiC stenosis
Aortic Sclerosis
Peak AV velocity (m/s)
LVOT/AV velocity ratio
Mean transvalvular
gradient (mm Hg)
AVA (cm2)
AV, aortic valve; AVA, AV area.

<=2.5

Mild
2.6–2.9
>0.5
<20
>1.5

Moderate

Severe

3.0–4.0
0.25–0.5
20–40

>4
<0.25
>4

>4.0

<1

<1.0

1.5–1.0

>40

A

Figure 26-43. Two-dimensional echocardiographic findings in mitral stenosis.
A: In the midesophageal four-chamber
(ME 4C) view, echocardiographic signs of
mitral stenosis include a dilated left atrium
(LA) with a rightward displacement of the
interatrial septum (indicating the elevated
LA pressure), and a small left ventricle (LV).
b: In the midesophageal bicaval view, red
blood cell clumping creates spontaneous
echocardiography contrast. Note the rightward displacement of the interatrial septum
toward the right atrium (RA). C: A zoom
image of the mitral valve and neighboring
structures in midesophageal four-chamber
view. The anterior mitral leaflet exhibits
diastolic doming while the posterior mitral
leaflet is immobile. d: In the transgastric
midpapillary short-axis (TG mid SAX) view,
the LV cavity is relatively small, as compared
with the right ventricle (RV), and interventricular septum appears thickened.

B

C

D

doppler echocardiography

Mitral stenosis
two-dimensional echocardiography
The MV is imaged in the midesophageal views and in the basal
transgastric short-axis views. The lealets can appear thickened and
calciied (thus, strongly echogenic), while there may be fusion of
the chordae and papillary muscles. The major and most striking
inding in mitral stenosis (MS) is the inability of the two mitral
lealets to separate from each other in diastole. Instead, their tips
remain opposed while the body of the lealets bows toward the LV
cavity because of the incoming blood (Fig. 26-43). The area of the
MV oriice can be traced by planimetry in the transgastric basal
short-axis view.70 Associated indings in MS are a dilated left atrium
and left atrial appendage (because of increased pressure), and the
presence of thrombus or spontaneous echocardiographic contrast
due to low low in the LA. The LV cavity appears small, with a
thickened and immobile interventricular septum. The right ventricle may be dilated and/or hypertrophied, with thickened walls,
because of increased pressure work (Fig. 26-43 and Table 26-4).

TaBle 26-4. GradinG of mitral stenosis

Mean pressure gradient
(mm Hg)
Pressure half time (ms)
Mitral valve area (cm2)
Systolic pulmonary artery
pressure (mm Hg)

751

Mild

Moderate

Severe

<6

5–10

>10

≤100
>1.5
<30

100–220
1.0–1.5
30–50

>220
<1.0
>50

Transvalvular Pressure Gradient. The increased diastolic pressure
gradient is measured with continuous Doppler in the midesophageal four-chamber or long-axis view.66 The early diastolic velocity
of the transmitral low (E wave) is increased (usually >1.5 m/s).
This is not speciic to MS, as E velocity will also be elevated in the
presence of increased blood low, as in severe mitral regurgitation.71 In severe MS, the mean pressure gradient is >10 mm Hg
(Fig. 26-44).

Pressure Half-time (PHT)
The deceleration of E velocity is decreased, because in MS the
equalization of transmitral valve pressures takes a longer time.
PHT is the time required for the peak pressure to decrease to
half its value. The decaying velocity is traced on the CWD signal obtained from across the MV in diastole and the analysis
package calculates the PHT (Fig. 26-44B). MV area (MVA) is
calculated as 220/PHT. A prolonged PHT >220 ms is related
to severe MS (calculated MVA <1 cm2) as smaller MV orifices
will prolong the pressure decay across the valve.72 When LV
compliance is decreased or there is coexisting aortic regurgitation, the increased LV pressure results in a faster pressure
equilibration across the stenosed MV. In such cases, PHT will
be shortened, and the calculated MVA may be erroneously
overestimated.73

Associated Findings
CFD will display a “rising sun” pattern of diastolic velocities
inside the LA, indicating the high velocity (and increased pressure gradient) across the stenosed MV that exceeds the limits of
the color scale (Fig. 26-44A). Associated indings include pulmonary insuficiency due to pulmonary hypertension and tricuspid
regurgitation.
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taBle 26-5. GradinG of aortiC
insuffiCienCy (ai)

AI jet height/
LVOT diameter
(%)
Vena contracta
(mm)
PHT (ms)
Aortic diastolic
low reversal

B

Mild

Moderate

Severe

<25

25–64

>65

<0.3–

–0.3–0.6

>6

>500
—

200–500
—

<200
Holodiastolic

LVOT, left ventricular outlow tract; PHT, pressure half-time.

The recommended view is the midesophageal aortic valve longaxis view. A central jet usually is caused by aortic root dilation,
whereas an eccentric jet implies an AV cusp lesion. The propagation of the jet into the LV does not correlate well with the angiographic degree of AI, and should not be used to grade AI (Fig.
26-31).74

Vena Contracta

figure 26-44. Doppler echocardiography findings in mitral stenosis.
A: Diastolic blood acceleration upstream of the mitral valve is seen with
Vena contracta is the narrowest “neck” of the AI jet as it tracolor-flow Doppler (“rising sun”). b: Spectral display of the diastolic
verses the AV plane, usually best appreciated in the midesophavelocity decay is imaged with a pulsed-wave Doppler sample volume
geal aortic valve long-axis view. The largest diameter of the vena
placed at the tips of the mitral valve. Tracing of the velocity envelope
contracta in diastole is selected (Fig. 26-31). The size of vena con7
(white dots) calculates the maximum and mean pressure gradient (PG).
tracta is relatively load-independent and provides a reliable way
The pressure half-time (PHT) is calculated from the deceleration of the
to quantitate AI intraoperatively, in the presence of luctuating
peak velocity (Evel) (red dots). The mitral valve area (MVA) is derived
hemodynamics.74
from the empiric formula: MVA = 220/PHT.

Pressure Half-time

Aortic regurgitation
two-dimensional and M-mode echocardiography
The AV is imaged in the same views used for the assessment of
aortic stenosis. Associated indings may include dilated aortic
root (Marfan’s syndrome), endocarditis lesions, dilated ascending aorta, calciied AV, aortic dissection (may be associated with
acute aortic insuficiency [AI]), luttering of the anterior mitral
lealet and restricted diastolic opening of the MV from the AI jet,
or a dilated LV in chronic AI (Table 26-5).

doppler echocardiography
Color Flow. In either of the midesophageal or the transgastric
views of the AV, a CFD sector over the AV and the LVOT will
demonstrate the presence or absence of the AI regurgitant jet.
CFD reveals the characteristics of the AI jet as it enters the LVOT
in diastole. The following techniques are used to grade the severity of AI.

Ratio of Jet Height to LVOT Diameter
The maximal height of the AI jet (within <1 cm from the AV
plane) is compared with the LVOT diameter at the same point.

PHT of the AI jet is recorded in the transgastric long axis or deep
transgastric long-axis view. PHT expresses the pressure equilibration of the diastolic blood pressure (“driving” pressure) and the
diastolic LV pressure (“resistance” pressure). A short PHT (<200
ms) is associated with severe AI. Factors associated with decreased
LV compliance (e.g., LV failure with restrictive illing pattern)
will cause the transaortic pressure gradient to dissipate faster and
will overestimate the severity of AI (Fig. 26-30).

Aortic Diastolic Flow Reversal
Retrograde diastolic low in the descending and abdominal aorta
is sensitive and speciic for severe AI. This is imaged with PWD in
the midesophageal long-axis view of the distal descending aorta
(Fig. 26-30).75

Other Findings
Severe AI rapidly elevates LV diastolic pressure and shortens the
early transmitral low velocity, resulting in a restrictive LV illing
pattern. The regurgitant volume is calculated using the continuity equation and equals the difference between LVOT low and
the diastolic transmitral low. Values >60 mL are consistent with
severe AI.
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two-dimensional echocardiography
The normal MV anatomy consists of two lealets (anterior and
posterior), their coaptation surface, the ibrous mitral annulus,
the subvalvular apparatus with the two papillary muscles (anterolateral and posteromedial), and their chordae tendineae, which
attach to the underside of the mitral lealets. The competency of
the MV depends on adequate coaptation between the D-shaped
anterior lealet and the crescent-shaped posterior lealet. Common
causes of mitral regurgitation (MR) are myxomatous valve degeneration, endocarditis, and ischemic, rheumatic and congenital
heart disease (CHD).
The required TEE views for imaging of the MV include the
midesophageal four-chamber, midesophageal commissural, midesophageal two-chamber, midesophageal aortic valve long-axis
view, and the basal transgastric short-axis and two-chamber views
(Figs. 26-14–26-20).76 Echocardiographic indings may include
any of the following: Abnormal texture of lealets (myxomatous
degeneration), lail and/or prolapsing lealet, ruptured chordae,
papillary muscle dysfunction or rupture (secondary to ischemia),
mitral annulus calciication, or endocarditis lesions. The lealet
motion is commonly reported using Carpentier’s classiication as
described in Table 26-6.

TaBle 26-6. Carpentier ClassifiCation of
mitral reGurGitation (mr)
Carpentier Type
1
2
3a
3b

Motion Leaflet

Jet Direction

Normal
Excessive (prolapse,
lail)
Restricted, structure
is abnormal
Restricted, structure
is normal

Central
Away from
lesion
Variable

(Coandă effect).78 Third, machine settings such as frame rate
and color Doppler scale inluence the appearance of the MR jet.
Fourth, despite its appearance, the color area associated with MR
is not equivalent to regurgitant volume. CFD simply shows the
area within the LA where blood has abnormal velocity and is
dependent on the systolic pressure gradient between the LV (adequate LV systolic function) and the LA (chamber compliance). In
acute MR, for example, the MR jet velocities are low because MR
occurs in a noncompliant chamber.

doppler echocardiography
Color-low Doppler. CFD is commonly used as a screening tool
for the detection of MR. It provides an easy, qualitative technique
but additional tests are advised to grade the severity of MR (Fig.
26-45). If the MR jet is >40% of the LA area, often times severe
MR is present.77 There are several limitations to this technique. It
is dificult to visualize the entire LA with TEE. Secondly, eccentric jets that are in contact with the LA walls are underestimated

Proximal Isovelocity Surface Area
During systole, blood inside the LV cavity accelerates as it converges toward the oriice of the incompetent MV (Fig. 26-32).
This velocity pattern resembles concentric hemispheres, whose
surfaces have the same velocity at a given distance (radius, R)
from the MV oriice. Such an isovelocity surface is called PISA. Its
velocity can be determined by the color Doppler system’s aliasing

Figure 26-45. Mitral regurgitation. The
anatomy of mitral valve (MV) is depicted
with two-dimensional (A and C) echocardiographic imaging, and the presence
of mitral regurgitation (MR) is imaged
with color Doppler (b and d). The MV is
incompetent because of posterior leaflet
prolapse inside the left atrium (LA) during
systole (arrows left in A and C). Left ventricular (LV) systolic contraction generates
and anterior-directed MR jet, away from
the MV lesion area. ME 4C, midesophageal four-chamber view; ME 2C, midesophageal two-chamber view.
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velocity.79 Based on the principle of conservation of mass (continuity equation), the low through the MR oriice is the same as
the low of the PISA surface:
MR low = PISA low,
MR oriice × MR velocity = 2π(R2) × Aliasing Velocity.

and transgastric RV long-axis views. The TV plane is closer to
the cardiac apex than the MV plane. Tricuspid regurgitation
(TR) is most commonly secondary to pulmonary hypertension
from left-sided cardiac pathology, while endocarditis, carcinoid,
Ebstein’s anomaly, and rheumatic heart disease are less frequent
causes of TR.

MR oriice = 6.28(R2) × Aliasing Velocity/MR Velocity.
A simpliied PISA equation yields MR oriice = (PISA
radius)2/2, provided the Nyquist limit is set at 40 cm/s and that
the MR jet has a velocity of 5 m/s.80 Most signiicantly, a small
error in measuring the PISA radius (R2) will be squared in the
equation.

Vena Contracta
Vena contracta is the narrowest part of the MR jet, and relects
8 the effective or physiologic area of the MR jet (Fig. 26-32). MR is
severe if vena contracta is ≥7 mm.

Pulmonary Vein Inflow Pattern
The increased volume inside the LA will augment the transmitral
diastolic pressure gradient and will produce a restrictive illing
pattern in severe MR (E to A wave ratio >2). For the same reasons,
the systolic illing of the LA via the pulmonary veins (S wave) will
be decreased, in moderate and severe MR (Table 26-7).

tricuspid regurgitation
The tricuspid valve (TV) is evaluated concomitant with the right
ventricle, using the midesophageal four-chamber, midesophageal right ventricular inlow–outlow, midesophageal bicaval,

two-dimensional echocardiography
The TV anatomy is examined for abnormal appearance (annular dilation, endocarditis vegetations, and thrombus) and motion
(prolapsing or lailing lealets). Structures proximal (inferior vena
cava, right atrium, and interatrial septum) and distal (right ventricle and interventricular septum) to the TV are examined for
signs of volume and pressure overload.

doppler echocardiography
CFD is applied to detect the presence, size, and direction of a TR
jet, its vena contracta, and the PISA inside the RV. CWD is used
to measure the TR jet velocity and calculate the RV and PA systolic pressure. PWD is used to record the hepatic vein low pattern. Grading of severity of TR is shown in Table 26-8.

Pulmonic Valve regurgitation
Pulmonic valve regurgitation (PR) is evaluated in the midesophageal right ventricular inlow–outlow, the upper esophageal
aortic arch short axis, and in the modiied deep transgastric RV
views (approximately 60 to 70 degrees). PR is often an incidental
inding. PR can develop because of right-sided endocarditis, or

taBle 26-8. GradinG of triCuspid
reGurGitation
TaBle 26-7. GradinG of mitral
reGurGitation
Mild
Qualitative findings
Jet area/LA area
<20%
Density of CW
—
signal
Pulmonary
—
blood low
Quantitative measurements
Vena contracta
<3
(mm)
EROA (cm2)
<0.20
Regurgitant
<30
volume (mL)
Regurgitant
<30
fraction (%)

Moderate

Severe

—
—

S blunted
(S/D < 1)

>40%
Dense,
complete
envelope
S reversed
(S < 0)

3–7

≥7

0.20–0.40
30–60

≥0.40
≥60

30–50

≥50

LA, left atrium; CW, continuous wave; S, S wave; S/D, Systolic wave of pulmonary vein low to diastolic wave of pulmonary vein low ratio; EROA, effective
regurgitant oriice area

Echocardiographic
Parameter

Mild

Severe

TV morphology

Normal

IVC/RA/RV size
TR jet area (cm2)
Vena contracta
width (mm)
(Nyquist limit
50–60 cm/s)
PISA radius (mm)
(Nyquist limit
∼28 cm/s)
TR jet features

Normal
<5
—

Prolapse,
malcoaptation,
endocarditis
lesion, mass
Dilated/increased
>10
>7

<6

>9

Soft,
parabolic
S>D

Dense, triangular,
early peak
Systolic wave below
baseline

Hepatic vein low
pattern

TV, tricuspid valve; IVC, inferior vena cava; RA, right atrium; RV, right ventricle;
PISA, proximal isovelocity surface area; TR, tricuspid regurgitation; S, Systolic
wave of hepatic view low; D, diastolic wave of hepatic vein low.
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two-dimensional and Motion-mode
echocardiography

The entire thoracic aorta can be imaged with TEE, apart from
the distal ascending and proximal arch segments, where the
interposition of the left main bronchus between the esophagus
PV
Normal
Abnormal
and the left atrium prohibits the propagation of ultrasound.
morphology
This blind spot can be imaged using epiaortic scanning.81 The
RV size
Normal
Dilated
normal aorta has a smooth endothelial surface, and blood low
Large, wide origin
PR jet size
Length <1 cm,
is laminar. Atherosclerotic plaques are irregularly shaped, somenarrow origin
times mobile protrusions, inside the aortic lumen. The search
PR jet features
Soft, slow
Dense, rapid
for atheromas should be done by imaging the entire circumferdeceleration
deceleration
ence of the aortic lumen (short-axis views). Once a particular
lesion is found, scanning in long-axis view should be performed
PV, pulmonary vein; RV, right ventricle; PR, pulmonary regurgitation.
9 (Fig. 26-46). Plaques thicker than 4 mm are more likely to cause
an embolic event.82,83
Aortic aneurysm is a dilatation of the aorta, usually >4 cm.
Once the aneurysm is >5.5 cm, the probability of rupture increases
(Fig. 26-47A, B). Dissection is a separation between the intimal
secondary to pulmonary hypertension. Grading of severity of PR
and medial layers of the aortic wall, creating a false lumen for
is described in Table 26-9.
10 blood low84 (Figs. 26-47C, D and 26-48). Both the true and false
lumens ill with blood during systole, but only the true lumen has
blood during diastole. Intramural hematoma is considered a precursor of dissection and should be treated similarly.85 Compared
diseases of The aorTa
with an atheroma, an intramural hematoma has a smooth surface.
Mild

Severe

The evaluation of the aorta is an important part of perioperative TEE. In routine cases such as coronary artery bypass surgery,
evaluation of the aorta may reveal previously unknown, signiicant atheromatous disease of the aorta and alter the surgical plan
(off-pump bypass, alternative sites for cannulation). In emergencies, the diagnosis of aortic pathology (dissection, aneurysm,
transsection) may prove life-saving.

A

B

C

D

cardiac masses
Cardiac tumors can either originate from the heart or are metastases from other sites. They can embolize, cause arrhythmias, or
cause heart failure. The most common primary tumor is myxoma,

figure 26-46. Aortic atheromas
imaged in descending thoracic aorta short (A and C) and long (b and
d) axis views.
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Figure 26-47. Aortic disease. Ascending aorta aneurysm distal to the
sinotubular junction (midesophageal
ascending aorta long (A) and short
(b) axis views). The diameter of the
aorta is 5 cm. C: Ascending aorta dissection (Stanford type A) originating
from the sinotubular junction. The
true lumen (TL) expands in systole
and the flap is convex toward the
false lumen (FL). d: Descending aorta
dissection (DeBakey type III).

A

B

C

D

which is located most frequently at the interatrial septum. The
potential of myxomas to obstruct the inlow or outlow region
of a ventricle is demonstrated with Doppler echocardiography.
The next most frequent tumor is ibroma of the ventricular wall.
Fibromas are usually calciied, and can decrease the ventricular

figure 26-48. Aortic dissection.
The descending aorta is seen in short
axis. The aortic true lumen (TL) contains the aortic endothelium and has
a smooth endoluminal surface. The
intimal flap usually bows toward the
false lumen (FL). Color-flow Doppler
demonstrates blood flow inside the
true lumen (which expands in systole) and the absence of flow inside
the false lumen.

volume. Renal cell tumors often extend into the inferior vena
cava and right atrium (Fig. 26-49). Pacemaker wires, thrombus,
and normal anatomic structures that mimic the appearance of
pathology (Eustachian valve, crista terminalis, Chiari network,
or “Coumadin” ridge) should be differentiated from tumors.
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Figure 26-49. Cardiac masses.
A: Left atrial (LA) myxoma seen in
the midesophageal long-axis view.
b: Right atrial (RA) myxoma seen
inside the right atrium (RA) in the
midesophageal four-chamber view.
C: Renal cell tumor occupying the
inferior vena cava (IVC) and extending inside the RA. LVOT, left ventricular outflow tract; RV, right ventricle;
SVC, superior vena cava.
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congeniTal hearT disease
The spectrum of CHD seen in adults varies widely. Echocardiography is the primary imaging modality for diagnostic
assessment of CHD. Advances in surgery have increased the

survival rate of children with repaired CHD and, as a consequence, adults with repaired CHD are increasingly common
in the OR. Common lesions evaluated with TEE include ASD,
ventricular septal defect, patent ductus arteriosus, coarctation of the aorta, bicuspid AV, and repaired tetralogy of Fallot
(Fig. 26-50).86
figure 26-50. Atrial septal defect
(ASD). In the midesophageal fourchamber view, a color-Doppler sector is positioned over the interatrial
septum. An ASD with a left-to-right
communication is shown in blue
color, as the blood moves away from
the transducer (top panel). Pulsedwave Doppler interrogation of the
ASD measures a peak velocity gradient of 1 m/s.

758

seCtion Vi Anesthetic Management

echocardiograPhy-assisTed
Procedures
In addition to its role in diagnostics, echocardiography is also
employed to assist various procedures such as the placement of
central venous catheter, IABP catheter, coronary sinus (CS) cannula, and guide wires for other venous or arterial cannulae.

ultrasound-guided Central Vein Cannulation
The placement of central venous catheters is associated with complications including injury to vascular structures (carotid artery),
pleura, nerve bundles, lymphatic system, and even the spinal
canal. Historically, anatomic landmarks guided needle orientation during central venous access. However, multiple studies have
demonstrated that the anatomic relationship between the internal jugular vein and the carotid artery varies, and that even experienced physicians encounter complications.87 Visual guidance by
ultrasound provides real-time feedback, reducing the complication rate and the procedure time.88 For patient safety reasons the
National Institute for Clinical Excellence, as well as the Society of
Cardiovascular Anesthesiologists, have recommended that internal jugular central lines be placed under guidance of 2-D ultrasound imaging.89,90
A linear array hand-held transducer with high frequencies
(7.5 to 12 MHz) is preferred for ultrasound-guided central line
placement. The technique relies on placing the transducer over
the traditional anatomic landmarks and identifying the internal
jugular vein (IJ) and carotid artery (CA) in short axis and their
anatomic relationship (Fig. 26-51). The 2-D criteria of differentiating the CA from the IJ vein are distensibility (the IJ increases in
size with the Valsalva maneuver and the Trendelenburg position)
and compressibility (the IJ will decrease in size with pressure
applied over it by the transducer). Applying CFD with the transducer oriented slightly caudad displays the CA with red pulsating
low and the IJ with a continuous blue low (Fig. 26-51). Note
that if the transducer is oriented cephalad the colors are reversed.
The needle insertion and venous puncture is performed under
ultrasound guidance. The longitudinal view (Fig. 26-52A) is then
used to view the wire’s placement in the vessel. TEE can conirm
the guide wire’s position in the superior vena cava (Fig. 26-52B).
For PAC placement, TEE is useful in guiding the catheter
through the right heart and conirming proper position in the PA.
In the midesophageal right ventricular inlow–outlow view, the
PAC can be followed from the RA, passing the TV into the RV,
and then passing the PV into the PA. The midesophageal ascending aortic short-axis view may be used to position the PAC so that
its tip lies in the right PA (if that is the desired position; some
clinicians prefer positioning the PAC in the main PA).
Although ultrasound can be a valuable tool in decreasing the
number of complications associated with central vein cannulation and PAC placement, it does not eliminate the risks.

intra-aortic balloon Pump Placement
The use of TEE during IABP placement allows positioning of the
catheter to the preferred location, just distal to the left subclavian artery. Prior to its insertion, the echocardiographer should
assess the descending thoracic aorta for the presence of mobile
atheroma or aortic dissections. These situations may represent

figure 26-51. Internal jugular vein (IJV) and carotid artery (CA) and
their anatomic relationship. top panel: Two-dimensional examination, using a linear scanner, showing the IJV lateral to the CA. bottom
panel: Color-flow Doppler is applied showing continuous blue flow in
the IJV and pulsating red flow in the CA (transducer oriented caudad).

contraindications to catheter placement. During cannulation,
the presence of the guide wire in the descending aorta should
be conirmed with TEE. Optimal function of the IABP requires
that the tip lies 1 to 10 cm distal to the left subclavian artery. The
exact position of the IABP catheter tip is best visualized using the
descending aortic long-axis view.91

Coronary sinus Cannulation
TEE is helpful to guide the placement of the cannula and to check
for proper position. Improper insertion of the cannula can result
in injury to the interatrial septum or to the crux of the heart, the
fragile area joining the atria and ventricles. View of the coronary
sinus (CS) is obtained from the midesophageal four-chamber
view by retrolexing the probe (Fig. 26-53). After the cannula is
positioned in the CS, the multiplane angle should be rotated to
90 degrees and the CS will be seen in cross section. The tip of the
cannula will be displayed as a small echo-dense dot in the middle
of the CS. This view will assure that the cannula is positioned at
an appropriate depth.
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other Cannulation techniques
TEE is useful in verifying the position of various other cannulae.
For example, when femoral artery–femoral vein bypass is instituted, the venous cannula can be visualized as it advances in the
inferior vena cava up to the level of the RA. Proper position of
guide wires used for aortic cannulation can be conirmed with TEE.

ePicardial and ePiaorTic
echocardiograPhy

During surgeries performed via sternotomy or thoracotomy, epicardial echocardiography can be performed and is particularly
valuable in those cases in which the TEE probe cannot be placed
or is contraindicated. The epicardial views are similar to the ones
obtained via TTE. The American Society of Echocardiography in
collaboration with the Society of Cardiovascular Anesthesiologists
has recently issued guidelines for the performance of epicardial
echocardiography.92 The epicardial probe uses high-frequency
transducers (5 to 12 MHz) that may require a standoff device and/
or saline in the mediastinum for best imaging. Epicardial imaging offers superior image quality as well as a better window to the
anterior cardiac structures (aorta and AV, PA and PV).
figure 26-52. top: Ultrasound confirmation of guide wire position.
A sector scanner transducer is used to visualize the internal jugular vein
(IJV) in long axis. The guide wire is seen as a thin echo-dense linear
structure positioned in the lumen of the vein. bottom: Transesophageal echocardiographic confirmation of guide wire position. The midesophageal bicaval view is used. The guide wire is seen in the superior
vena cava (SVC), with the tip in the right atrium (RA); LA, left atrium.

epiaortic examination
Because of the interposition of the left bronchus, the distal AA
and the proximal aortic arch cannot be visualized with TEE. The
ascending aortic and proximal aortic arches are of particular
interest during cardiac surgeries as they represent sites for aortic
cannulation. Epiaortic scanning for atheroma is performed using
a small footprint, linear array transducer. Guidelines for intraoperative epiaortic examination have been published.81

echocardiograPhy ouTside
The oPeraTing room
An understanding of echocardiography is also relevant to anesthesiologists in that many patients with a history of heart disease
will have undergone an echocardiographic examination prior to
surgery. The echocardiography report from a preoperative examination is useful for assessing surgical risk and developing the anesthetic plan. Echocardiography has also established itself as particularly valuable in the assessment of postoperative hemodynamic
instability. It offers rapid diagnosis by differentiating among the
potential complications faced in postoperative care, such as hypovolemia, pericardial tamponade (Fig. 26-42), aortic dissection,
myocardial infarction, endocarditis, and pulmonary embolism.
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