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The ultimate goal of any imaging modality is to present cardiac anatomy and pathology in a 
three-dimensional (3D) format that faithfully depicts the dynamic in vivo morphology funda-
mental to accurate diagnosis for optimal therapy. Over the past two decades, giant strides were 
made in the field of 3D echocardiography (3DE) due in large part to the tremendous advances 
in computer technology coupled to the miniaturization of electronic circuitry. This enabled the 
development of the fully sampled matrix array transducer, a milestone in the history of 3DE 
and currently the basis for all 3DE imaging platforms.

With 3DE, it is possible to obtain en face views of an entire region of interest from a single 
acoustic window with little probe manipulation. The images obtained can be viewed in multi-
ple perspectives and are readily appreciated by non-imaging cardiologists and cardiac sur-
geons. As a result, 3DE has become essential for the diagnosis of a host of cardiac diseases 
including the entire spectrum of native and prosthetic mitral valve pathologies, aortic valve 
perforations, and atrial septal defects. Moreover, because catheters, devices, and wires are bet-
ter seen in the 3D space than in the 2D space, 3DE, and mainly three-dimensional transesopha-
geal echocardiography (3D TEE), has emerged as an indispensable tool to guide many 
catheter-based interventions with a particular emphasis on mitral interventions. A thorough 
appreciation of cardiac anatomy and pathology is a major prerequisite for 3D imaging. We, 
therefore, used a correlative approach to 3D imaging that incorporates anatomically correct 
spatial orientation of images in normal and disease states.

3DE is also increasingly assuming a quantitative role. By eliminating the need for specula-
tive geometric assumptions, a major limitation of 2D echocardiography, three-dimensional 
transthoracic echocardiography (3D TTE) is currently being routinely used for the quantitation 
of left ventricular chamber volumes and function. Moreover, quantitative analysis of the 3D 
volumetric data set is assuming a greater role in the morphologic and physiologic assessments 
of stenotic and regurgitant lesions to guide surgical or catheter-based therapies; these include 
transcatheter mitral or tricuspid valve repair, and aortic and mitral valve-in-native or prosthetic 
valve implantation. Additionally, 3D TEE is used to guide percutaneous left atrial appendage 
occlusion in patients with atrial fibrillation. These added quantitative values of 3D are ampli-
fied by recent developments in fully automatic quantification algorithms and “artificial intel-
ligence,” which make 3D quantification easy, fast, and reproducible.

This book, which draws on the extensive experience in 3DE at Mayo Clinic and Cardiocentro 
Ticino, is written in a practical user-friendly format to guide 3D imaging in daily practice and 
addresses the needs and concerns of both novice and experienced 3D echocardiographers by 
providing a best practice methodology to 3D imaging (what to look for, how to look for, opti-
mal views, etc.) including caveats, pitfalls, and limitations. It is written in a highly instructive 
practical disease and problem-oriented approach that is supported by illustrative high-quality 
images (and supplemental video clips where applicable) and includes cases that demonstrate 
the incremental value of 3DE over 2D echocardiography. Additionally, a step-by-step approach 
to image acquisition and optimization is utilized and includes clinical pearls, pointers, and the 
navigation of complicated vendor-specific 3D “knobology” that has made even the most expe-
rienced echocardiographers weary of embracing this technology. For beginners in 3D echocar-
diography, we strongly urge you to start exploring the imaging capabilities of the matrix array 
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transducer, and in the process to appreciate its immense value as a diagnostic tool. For all 
others, we hope that the information provided in this book will be useful in your daily 
practice.

Rochester, MN Joseph F. Maalouf  
Lugano, Switzerland  Francesco F. Faletra  
Rochester, MN  Samuel J. Asirvatham  
Rochester, MN  Krishnaswamy Chandrasekaran   
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Imaging Principles and Acquisition 
Modes

Joseph F. Maalouf and Francesco F. Faletra

The concept of visualizing the heart by using ultrasound 
imaging evolved in the fifth decade of the twentieth century, 
when the engineer Helmut Hertz and the cardiologist Inge 
Edler obtained the first echo images of the heart with an 
ultrasonic machine used in the industry setting to detect 
flaws in metals.

The first ultrasound image of the heart was displayed in 
A-mode (A = amplitude). The returning echoes were repre-
sented as sharp deflections of the main signal appearing as 
spikes of different heights. The intensity of echoes deter-
mined the height of the spikes and the time necessary for the 
ultrasound wave to reach the structure of interest and to 
return to the probe determined the interval between spikes. 
These spikes were displayed on an oscilloscope and docu-
mented by a Polaroid instant camera. The main limitation of 
A-mode consisted in the fact that, while the operator could 
see the spikes moving within the oscilloscope, the photo-
graph failed to capture this motion. A mode was shortly 
superseded by another modality: B-mode (B = Brightness) 
where the returning ultrasound echoes were represented by 
dots rather than spikes and the intensity of the signal was 
proportional to the brightness of the dots. This modality 
would have undergone the same ignominious destiny of 
A-mode, had it not been for an ingenious and unknown engi-
neer who had the idea to record the dot’s motion on a strip- 
chart recorder. This modality, called M-mode (M for Motion), 

became for many years the “state-of-the-art” of echocardiog-
raphy. The classic “M” shape of the anterior leaflet of the 
mitral valve with its E and A waves, the “box” of the aortic 
valve opening, the flat slope characteristic of mitral stenosis, 
the thickening of the posterior wall of the left ventricle and 
several other “classic” M-mode features were significant 
contributions to the history of echocardiography. Several 
books have been written on acquired and congenital cardiac 
diseases using this modality. Feigenbaum coined the name 
“echocardiography” to reflect ultrasound imaging of the 
heart as opposed to other organs such as the brain 
(echoencephalography).

 Two Dimensional Echocardiography

Two-dimensional transthoracic echocardiography (2D- 
TTE) was introduced in the 1970s and represented a major 
step in the evolution of echocardiography. In fact, for the first 
time in its history, two-dimensional (2D) imaging showed 
cross-sectional images that approximated sections of patho-
logical specimens, thus replacing the undulating waves of 
M-mode echocardiography.

As illustrated in Fig. 1.1, a 2D image sector is built up 
pulse line by line, by emitting an ultrasound pulse, waiting 
for the reflected echoes to return to the transducer, before 
tilting the beam and emitting the next ultrasound pulse. The 
time to generate the image therefore, is contingent on the 
number of pulse lines emitted, the depth of the image sec-
tor and the image sector width. The frame rate is the num-
ber of 2D images per second and determines the temporal 
resolution. Pulse line density is an important determinant of 
the image detail or spatial resolution which is highest in the 
near field where the ultrasound beam is narrow and pulse line 
density is maximal, and is lowest in the far field because of 
dispersion of the ultrasound beam. With 2D imaging, the 
ultrasound beam can be steered in two dimensions ( vertical 
also referred to as axial or y-axis, and lateral also referred to 
as azimuthal or x-axis). Resolution in the elevation 
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 (antero- posterior) dimension also referred to as z-axis is 
fixed by the thickness of the tomographic slice.

An explosion of other evolutionary steps followed. Within 
few years, mechanical scanners were replaced by more flex-
ible electronic scanners and the early 1980s witnessed the 
introduction of second harmonic imaging, with a tremen-
dous improvement in the quality of 2D imaging.

Two-dimensional transesophageal echocardiography 
(2D-TEE) represented further improvement. The dramatic 
success of such a modality was mainly due to the fact that 2D 
TEE images had a quality that was superior to that of 2D 
TTE, due to lack of interference with image acquisition by 
the interposition of the lungs and chest wall tissues, and use 
of high-frequency transducers. The first 2D-TEE probe was 
monoplane (i.e. a single transducer scanning through one 
single transverse plane), but a bi-plane 2D-TEE probe (with 
two transducers scanning through two orthogonal planes) 
soon became available. Multiplane 2D-TEE was a logical 
advancement that allowed continuous visualization of car-
diac structures initially through manual and eventually 
through electronic steering of the ultrasound beam through 
180°. 2D-TEE allowed the visualization of anatomic struc-
tures such as the left atrial appendage (LAA) and pulmonary 
veins that otherwise could not be seen or did not lend them-
selves to adequate visualization using 2D-TTE. Of note that 
currently one of the most frequent indications for 2D-TEE is 
the exclusion of thrombus within the LAA prior to cardiover-
sion or atrial fibrillation ablation. Moreover, the ability of 

multiplane 2D-TEE to view cardiac structures in multiple 
sequential adjacent planes provided a better understanding 
of the spatial relationship of normal cardiac structures and a 
deeper insight into the complex morphology of cardiac dis-
eases. Because the TEE probe is inserted into the esophagus 
and hence does not invade the sterile operative field, 
 intraoperative TEE during cardiac surgery emerged as an 
invaluable imaging tool to plan the surgical strategy, assess 
the operative results and guide anesthetic management. It 
was soon evident that the routine use of TEE during cardiac 
surgery was beneficial, reduced patient morbidity, and was 
cost-effective in the mid-term.

Doppler echocardiography was a concomitant amazing 
evolutionary development. The capability of the Doppler 
phenomenon to register differences in ultrasound wave fre-
quency (the so-called “Doppler shift”) of a moving target 
opened the door to an impressively wide array of clinical 
applications. Furthermore, with its different modalities [i.e. 
continuous (CW), pulsed (PW) waves and eventually color 
Doppler] Doppler echocardiography allowed, for the first 
time, the assessment and quantification of valve gradients 
and the “visualization” of valve regurgitation. By providing 
reliable data on most hemodynamic parameters, such as car-
diac output, diastolic filling pressure, vascular resistances 
and pulmonary arterial pressures, Doppler echocardiography 
became the main non-invasive modality to determine the 
hemodynamic profile of patients with any type of coronary, 
myocardial or valve pathology.

a bFig. 1.1 (a, b) 2D image 
generation. Arrows point to 
leading ultrasound pulse line. 
Used with permission of 
Mayo Foundation for Medical 
Education and Research. All 
rights reserved
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Contrast echocardiography using sonicated gases became 
clinically available in the late 1980s. The venous injection of 
microbubbles which were able to cross the pulmonary circu-
lation and to reach the left heart chambers, were used for 
better delineation of the endocardial contour, thus allowing 
both a more precise quantitative assessment of left ventricu-
lar (LV) volumes, especially in obese patients, and better dis-
crimination of intraventricular masses and thrombi and, to 
some extent, myocardial perfusion. At the same time, Stress 
echocardiography emerged as the most cost-effective method 
to evaluate patients with suspected coronary artery disease 
and to assess the ischemic burden of intermediate coronary 
stenosis and the hemodynamic significance of moderate val-
vular heart disease.

Doppler tissue imaging (DTI) and speckle tracking 
emerged into the clinical arena in the late 1990s. DTI con-
ceptually derived from Doppler technology, measures myo-
cardial rather than blood velocity. A few years later this 
technique, despite several limitations, became integral to the 
routine echocardiographic examination providing relevant 
data on systolic and diastolic function. Speckle tracking was 
a completely new technology. By tracking speckles (i.e. the 
agglomerate of echocardiographic dots which form the 2D 
texture of the myocardium), this new technique could detect 
subtle changes in myocardial deformation. Longitudinal, 
radial and circumferential deformations and their changes in 
the setting of several pathological states were extensively 
studied providing new insights into myocardial mechanics.

 Three Dimensional Echocardiography (3DE)

The ultimate goal of any imaging modality is to image in a 
three dimensional (3D) format because the image generated 
closely reflects true anatomy or pathology (Fig. 1.2).

Therefore, whereas a 2D image represents a tomographic 
slice of a region of interest through one of the three primary 
planes of the heart (frontal or coronal, transverse, vertical or 
sagittal), a 3D image encompasses the entire region of inter-
est (Fig. 1.3).

The first attempts to produce ultrasound images in a 3D 
format date back to the 1970s. The first 3D images required 
an extensive off-line reconstruction from consecutive serial 
cross-sectional images. A short-lived attempt in the applica-
tion of 3D imaging in clinical practice involved transtho-
racic free-hand scanning. A series of adjacent 2D 
tomographic slices were obtained by manually tilting the 
transducer in one direction. A magnetic field transmitter was 
positioned near the patient’s bed. The transmitter generated 
a spherical electromagnetic field that exceeded the earth 
magnetic field by five times. An electromagnetic receiver 
was attached directly to a standard ultrasound transthoracic 
transducer. The transducer could therefore, move freely in 
the hemisphere generated by the transmitter and its position 
was recorded into a 3D coordinate Cartesian system. This 
provided information as to exactly where the image plane 
was being acquired. The images were thus assembled 
(according to the transducer position) to form a 3D image. 
Free-hand 3D echocardiography was able to provide diag-
nostic 3D images of both acquired and congenital heart dis-
eases (Fig. 1.4) as well as to determine the volumes of the 
left cardiac chambers.

An alternative to the free-hand method was the applica-
tion of a mechanical driven rotating transducer, which cap-
tured sequential 2D slices by pivoting around a fixed axis in 
a rotational fanlike manner. Because the intervals between 
slices and volumetric data set were more uniformly sampled 
than with the free-hand scanning, diagnostic 3D images were 
more consistently obtained. However, both systems provided 
an average quality of imaging which was by far inferior to 

a b

Fig. 1.2 (a) 2D TEE bicaval view. (b) 3D TEE of same 2D view. Note the added depth to all structures in the image. LA, left atrium; RA, right 
atrium; SVC, superior vena cava. Used with permission of Mayo Foundation for Medical Education and Research. All rights reserved
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that of 2D-TTE and therefore, they were seldom used in clin-
ical practice. Both free hand and rotational 3D-TTE were 
shortly removed from the echocardiographic armamentar-
ium. The transesophageal rotational system was the only one 
that provided 3D reconstruction of valuable and “diagnostic” 
images due to the high quality of the original 2D slices. 
Respiratory and ECG gating were used to capture only those 
slices coinciding with a specific phase of the respiratory 
cycle and within the preset limits of the R-R interval, thus 
minimizing spatial and temporal malalignment of the 2D 
tomographic slices due to respiration and heart rate variabil-
ity (stitching artifacts) (Fig. 1.5).

 The Matrix Revolution

The aforementioned technique would certainly have 
remained the “state of art” of 3D echocardiography for many 
years had it not been for the unexpected “evolutionary leap” 
in 3D transducer technology that occurred shortly after-
wards. An innovative new transducer architecture, the matrix 
array probe emerged whereby piezoelectric crystals are 
arranged in rows and columns, instead of in a single row (as 
is the case in two-dimensional transducers) thus forming a 
“pyramidal-shaped” beam. This matrix array architecture 
allowed electronical scanning of a 3D volume in multiple 
planes thus embracing a volumetric 3D space.

 The Sparse Array Matrix Transducer

The “sparse” array matrix transducer was the first product 
of this new generation of transducers. This first transthoracic 
transducer had a number of limitations and was ultimately 
short-lived. Although the number of crystals that was techni-
cally feasible to assemble in one matrix was relatively low 
(289 crystals), the transducer had a large footprint which did 
not fit in the intercostal spaces. Moreover, if each crystal 
were to have its own electrical connection, the transducer 
cable would have been extremely large and commercially 
unrealistic. To overcome this limitation, engineers devised a 
method whereby only a percentage of crystals in the “sparse” 
array matrix transducer are electrically connected and acous-
tically active, thus allowing the connecting cable to have a 
more “realistic” size. However, this technical solution 
implied an unacceptable degradation in image quality due to 
reduced number of crystals transmitting and receiving ultra-
sound data, which eventually resulted in a loss of signal-to- 
noise ratio (the ratio of the strength of the desired signal 
carrying information to that of noise interference hence 
image quality). Moreover, this transducer, with only a frac-
tion of transmitted crystals, was not able to generate wave-
forms of sufficient pressures to create harmonic echoes. In 
summary, the quality of 2D images was worse as compared 
to traditional 2D probes. Last but not least, while the trans-
ducer was able to simultaneously generate different tomo-

a b

Fig. 1.3 Schematic diagrams of 2D (a) versus 3D (b) acquisition. Used with permission of Mayo Foundation for Medical Education and Research. 
All rights reserved
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graphic cutting planes, it was not capable of displaying 
real-time surface rendered 3D images. For all these reasons, 
the “sparse” phased-array matrix transducer was very soon 
rejected by clinicians and, consequently, abandoned by man-
ufacturers. Nevertheless, the probe had the theoretical advan-
tage of being the first of a new class of transducers, in which 
a single ultrasound scanner could operate in two imaging 
planes simultaneously. In other words, for the first time, the 
word “scan”, referred to the transducer location with respect 

to the patient, as opposed to “view” (i.e. which slice within 
the pyramidal data set is displayed).

 Current Matrix Array Transducers

The ensuing decade witnessed the development of a new 
generation of piezoelectric crystals, and further advances in 
the crystals’ manufacturing process. The ultimate miniatur-

a b

c d

Fig. 1.4 Transthoracic “free-hand” 3D echocardiography (TTE). (a) 
Magnetic field generator. (b) A spatial magnetic locator attached to the 
transducer (arrow), recorded the transducer position into the 3D coordi-
nate Cartesian system. (c) 3D TTE image of a P2 flail. Please note the 

gaps between slices (arrows) due to different time intervals between 
slices. (d) 3D TTE image of an atrial septal defect (ASD) recorded from 
a subcostal window
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ization of electronic circuitry and tremendous advances in 
computer technology led to the real time 3DE we have today.

 The New Generation of Piezoelectric Crystals

Some material have a “piezoelectric” capability, which 
means that they change their volume and shape when appro-
priately placed in an alternating electrical field. The mechan-

ical deformation depends upon the disposition of highly 
polarized particles (dipole) in the material. Such particles 
have a polar axis (i.e. the imaginary line in the center of the 
dipole). In a monocrystalline material all the particles (and 
hence, the polar axis) lie in one direction. This crystalline 
material is believed to be symmetric. The polycrystalline 
compounds are, on the contrary, asymmetric since particles 
lie in different directions in different regions within the mate-
rial. When this material is subjected to a strong electrical 

a b

c d

Fig. 1.5 (a, b) 3D transesophageal rotational echocardiography showing a normal aortic valve (Ao) in short axis view in (a) diastole and (b) 
systole. (c, d) Same patient in long axis view in (c) diastole and (d) systole. LAA, left atrial appendage

J. F. Maalouf and F. F. Faletra
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field, particles tend to be oriented perpendicularly to the sur-
face of the material (polarization) causing an expansion of 
the polycrystalline material. A rapid on-off of the electrical 
field produces rapid changes both in volume and shape. 
These mechanical vibrations generate compression and rar-
efaction of the same frequency in the surrounding medium, 
creating sound waves. The same material also has the oppo-
site propriety: when mechanical stress is applied, it generates 
an electrical charge proportional to the strength of the 
mechanical stress. When all the electrical energy is converted 
to mechanical energy, the electro-mechanical coupling is 
100%. It is well known that electro-mechanical coupling is 
of paramount relevance for the quality of an image. These 
groups of piezoelectric crystals are made from ceramic. 
These crystals contain natural impurities and boundaries 
between different areas of the same element. Consequently, 
under an electrical field the dipoles are not perfectly ori-
ented, thus preventing an optimal electro-mechanical cou-
pling. The new generation of piezoelectric crystals has a 
more uniform atomic structure with few impurities and 
boundaries. The alignment of dipoles under an electrical 
field is more homogeneous, producing changes in terms of 
volume and shape of the crystals (strain) that is ten times 
greater than the traditional ceramic with a greater efficacy in 
converting electrical energy into mechanical energy and vice 
versa. Such an increase in efficacy during transduction 
results in a reduction in the production of heat (Fig. 1.6).

Last but not least, such new crystals have a larger band 
width. When vibrating, they produce a larger spectrum of 
frequencies than the traditional ceramics allowing better 
flexibility between resolution and penetration. Moreover, 

with a large spectrum of frequencies, multiple harmonic fre-
quencies can be utilized providing images which combine 
optimal spatial resolution and good penetration.

 Miniaturization of Piezoelectric Crystals 
and Electronic Circuitries

An advanced crystal manufacturing process generates piezo-
electric crystals as small as 200 μm. This sub-millimetrical 
size allows the assembling of nearly 3000 active elements in 
a traditional transthoracic transducer or nearly 2500 active 
elements in a normal-sized transesophageal transducer. 
Furthermore, the miniaturization of electronic circuitries 
allows the insertion of nearly eight million of electronic 
devices and thousands of microchannels inside a transtho-
racic and transesophageal probe while maintaining the same 
probe size. The huge amount of electronic circuitries inevita-
bly produces heat during imaging. An active cooling system 
whereby the heat is transported actively through the cable 
into the ultrasound machine minimizes heat generation with-
out reducing transmit power.

 The “Full” Sampled Matrix Array Transducer [1]

The introduction of the full sample matrix array transducer, 
in which all its thousands of elements are capable of both 
transmitting and receiving a signal, represented a major step 
forward in 3D technology. This was made possible by the 
introduction of micro-beamforming circuitry (Fig.  1.7) 

Traditional PZT ceramics
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Fig. 1.6 Dipole orientation under an electrical field in traditional PZT ceramics (upper row) and in new pure wave crystals. The deformation 
(strain) of the new crystals is greater than that of PZT ceramic (courtesy of Philips)
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whereby a small group of elements (i.e. patches of 25 crys-
tals) combine their output to a single connecting wire. In 
fact, only 128 wires connect 3000 crystals to the mainframe. 
This eliminates the need for large connecting cables and pro-
vides a fully sampled array of 3000 elements. Maintaining 
the electric interconnection for every element so that each 
element remains independent with respect to transmission 
and reception provides the same uncompromised perfor-
mance as a fully sampled array having 3000 wires and 3000 
converters. The ultrasound scan lines that are generated by 
matrix-array transducers can be steered electronically in ver-
tical (axial), lateral (azimuth) and antero-posterior (eleva-
tion) directions in order to acquire a volumetric (pyramidal) 
data set.

 Powerful Parallel Beam Forming

As stated earlier, a 2D image sector is built up pulse line by 
line that are emitted sequentially and therefore, not simulta-
neously. Now assuming that a given cardiac structure is 
located at a depth of 14  cm, ultrasound should travel for 
0.28 m (towards target structure and back to transducer) at 
the standard velocity of 1540 m/s. Because distance (d) is the 
product of velocity (v) and time (t), at this distance the num-
ber of pulses or beams per second (frame rate; 1/t or v/d) that 
can be transmitted without interferences is 5500 (1540/0.28). 
Assuming a pyramidal data set is formed by 60 × 60 beams 
with a space between beams of 1° and therefore non uniform 
distances traveled by the ultrasound beam in both lateral 

(x-axis) and elevation (z-axis) dimensions, we would need 
3600 beams to resolve a 60  ×  60 degrees volume which 
means a frame rate of 1.52 per second (5500/3600) that is 
clinically useless (Fig. 1.8).

In more simple terms, when a 3D volume of interest is 
obtained in one single beat (see 3D acquisition modes 
later), 3D frame rate (also referred to as volume rate), anal-
ogous to 2D imaging, is a function of the total number of 
transmitted ultrasound pulses needed to generate the 3D 
image which in turn is a function of the 3D volume size and 
scanning density (i.e. the number of 2D sectors in the vol-
ume of interest and number of pulse lines in a 2D sector). 
Scanning density also determines 3D spatial or detail reso-
lution (Fig. 1.9).

Therefore, the 3D frame rate can be increased by either 
reducing the volume of the pyramidal data-set while 
maintaining same spatial resolution or by keeping the 
same 3D volume but reducing the scanning density 
(Fig. 1.9). The 3D frame rate can of course be increased 
by simply reducing the distance between the imaging 
transducer and region of interest (axial or vertical depth; 
y-axis) without altering the 3D volume dimensions or 
scanning density (Fig. 1.10).

The development of parallel beam forming or parallel 
processing i.e. the ability to receive multiple beams for each 
transmit thus reducing the number of transmit beams needed 
to generate the 3D pyramidal data set has been instrumental 
in increasing the 3D frame rate. This means that rather than 
a 1:1 pattern of one receiving line for every transmit line, a 
new ratio of 1:8, 1:16 or even 1:64 is possible. In other 

Wires

Wires

To main frame

Fig. 1.7 Beamforming 
circuitry
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words, this multi-line acquisition enables analysis of multi-
ple scan lines in parallel for each transmitted pulse. In this 
manner, the reconstruction of a 3D image is accelerated by a 
factor equal to the number of the received beams thus 
increasing the volume or frame rate. The tradeoff for increas-
ing the number of received beams is an increase in the width 
of the transmitted beam. And, because the transmit beam is 
not perfectly flat the outer lines would have lower signal 

strength than the inner lines. This in turn results in decrease 
in the signal to noise ratio and objectionable receive line to 
line gain artifacts hence reduced image quality. Moreover, 
the larger the transmitted beam, the lower the sound wave 
pressures of the propagating pulses which, in turn, affect the 
formation of second harmonic signals that are necessary for 
generating 3D images. Color Doppler is a phased based 
detection technique that is not sensitive to small line-to-line 

Distance traveled (towards and back) 0.28 meters

Number of pulses that can be transmitted without interference = 5500(1540/0.28)

Depth 14 cm

Velocity 1540 m/sec
Velocity 1540 m/sec

60 °

60 °Beam space 1°

Beam space 1°

Fig. 1.8 Full sample matrix array transducer
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a b

c d

e f

Fig. 1.9 Tradeoff between spatial and temporal resolution: Top Panel: 
(a) 3DE spatial or detail resolution is a function of both the number of 
2D sectors that make up the 3D volume and number of scan lines within 
each 2D sector. (b) A high scanning density results in low frame rates 
(FR). Middle panel: Reducing scanning density reduces spatial resolu-
tion (c) but increases the frame rate (d). Bottom panel: (e) Single beat 
3D TEE of ASD (dark blue arrow) as viewed from the RA.  Yellow 

arrow points to aortic valve cusp, and red arrow points to SVC. Compared 
with this image, the image in f is blurred because of reduced scanning 
density but the FR is 4 times higher (24 versus 6). Used with permission 
of Mayo Foundation for Medical Education and Research. All rights 
reserved. A, anterior; HVR, high volume rate; I, inferior; P, posterior; 
RA, right atrium; S, superior; SVC, superior vena cava

gain variations, however, and multiline parallel processing 
provides for higher frame rates without loss of spatial resolu-
tion. Recently introduced overlapping transmit beam capa-
bility allows for increase in 3D image frame rate with good 
image quality without gain artifacts.

3D temporal resolution can also be increased while main-
taining the same 3D volume dimensions and scanning den-

sity hence spatial resolution, by dividing the 3D volume of 
interest into sub-volumes, that are electrocardiographically 
triggered, and acquiring each sub-volume separately 
(Fig. 1.11).

By doing so, the 3D volume or frame rate will be a func-
tion of the time needed to acquire the sub-volume and not the 
entire volume. With two beat acquisitions (that is two sub- 
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volumes) the volume rate will double and with a six beat 
acquisition, the frame rate is increased sixfold. The sub- 
volumes are electronically “stitched” together to form a 
complete volume. This process is referred to as multi-beat 
acquisition. Patient motion, patient breathing or arrhythmias 
can disturb this acquisition process resulting in stitch arti-
facts (Fig. 1.12).

Rarely, fine stich-like line artifacts can be seen during 
single beat acquisition with a very high frame rate and con-
sequently very low line density that results in wide ultra-
sound line spacing (Fig. 1.13).

 Simultaneous Multiplane and 3D Imaging 
Acquisition Modes

Simultaneous multiplane mode also referred to as x-Plane 
(Philips Healthcare), and Bi-Plane (GE Healthcare) mimics 
the 3D multiplanar reconstruction (see Chap. 2) with in con-
trast to 3D imaging only a minimal impact on spatial resolu-
tion that is comparable to standard 2D imaging with a 2D 
transducer. Two independent 2D scanning planes are 
obtained simultaneously (Fig.  1.14). Images are displayed 
using a split-screen format, with the primary image plane as 
the reference plane, displayed on the left side of the screen. 
By default, the initial two planes are at a 90° angle to each 
other. The image on the right panel display can be changed 
by moving the cursor line to alter the angulation in the refer-
ence plane. In the x-Plane mode, color Doppler can be dis-

played in both images although with lower temporal 
resolution (Fig. 1.14).

There are three 3D acquisition modes available. The 
smallest in size is referred to as 3D or Live 3D (Philips 
Healthcare) or Bird’s View (GE Healthcare), and the largest 
is referred to as a Full Volume (Philips Healthcare); 4D Large 
size option (GE Healthcare) or simply 4D mode (Siemens 
Healthineers). 3D zoom (Philips; 4D Zoom on GE) is a trun-
cated 3D pyramid of a region of interest within a larger 3D 
volume (Fig.  1.15) with adjustable size and position. 
Maintaining spatial orientation is key regardless of mode of 
3D/4D acquisition. This entails including fixed anatomic 
landmarks in the acquired 3D/4D dataset. Note that the 
fourth dimension in 4D refers to time.

The size of any of these three 3D acquisition modes can 
be made smaller or larger using the Lateral Size/Width (azi-
muthal or x-axis) and Elevation Width (antero-posterior or 
z-axis) (Philips Healthcare) or 4D Zoom prepare (GE 
Healthcare) function controls (Fig. 1.16).

When the entire volume of interest is acquired in a single 
heart beat (referred to as 3D Beats 1 on Philips 3D platforms) 
regardless of mode of acquisition, it is effectively live or in 
real time (see Figs. 1.9e and 1.15e, f). The HVR mode on 
Philips 3D platforms (see Fig.  1.9f) refers to high volume 
rate and is a real time mode. As such, there are no stitch arti-
facts associated with the HVR mode, but spatial resolution is 
inferior to single beat acquisition as illustrated in Fig. 1.9. 
With multi-beat acquisition (Phillips and GE platforms), the 
image obtained is not in real time.

a b

Fig. 1.10 (a) 3D image FR is 22 Hz at a depth of 13 cm. (b) By reducing the image depth to 9 cm, the FR increases to 30 Hz. Used with permis-
sion of Mayo Foundation for Medical Education and Research. All rights reserved. AV, aortic valve, FR, frame rate
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a b

c d

Fig. 1.11 Schematic illustration of method of multibeat acquisition. 
From top left to bottom right. The 3D volume of interest is divided into 
four subvolumes that are color coded (a). Each subvolume is ECG 
gated and acquired separately (b, c). The resulting four subvolumes are 
then electronically “stitched” together to produce the entire 3D volume 
(d). Note that the scanning density for each subvolume is not altered, 

but the FR is determined by the time needed to acquire the subvolume, 
and not the entire 3D volume. The FR, in this illustration, would be four 
times higher than if the entire 3D volume were to be obtained in a single 
beat. FR, frame rate. Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved
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a b

c d

e f

Fig. 1.12 Multibeat acquisition of MV: (a–d) Sequential schematic 
diagrams of a 4 ECG gated beat acquisition. Note that the acquired 
subvolumes are electronically stitched together to form the completed 
image (right, middle panel). (e) Single beat image acquisition with low 

frame rate. (f) Multibeat acquisition of same view. Note the stich arti-
facts (arrows). Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved
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a b

Fig. 1.13 (a, b) Fine stitch-like line to line artifact (arrows) in a patient with single beat (3D Beats 1), high frame rate (38) acquisition of the aortic 
valve. Used with permission of Mayo Foundation for Medical Education and Research. All rights reserved

a b

c d

Fig. 1.14 Multiplane mode (x-Plane) examples. Top panel: (a) sche-
matic diagram of two orthogonal two-dimensional tomographic planes 
(adapted from https://echoracle.wordpress.com). (b) x-Plane of atrial 
septum showing the superior, inferior, anterior and posterior spatial 
coordinates. Bottom panel: (c, d) CFD x-Planes of TR (arrows). 

Figures b, c and d are used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved. A, anterior; Ao, 
aorta; I, inferior; LA, left atrium; P, posterior; RA, right atrium; S, supe-
rior; TR, tricuspid regurgitation

J. F. Maalouf and F. F. Faletra
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a b

c d

e
f

Fig. 1.15 Top panel: (a, b) Schematic illustration of 3D zoom acqui-
sition. Middle panel: (c) orthogonal 2D views of the MV with left side 
of the image being the primary or reference plane (Philips Healthcare). 
(d) Preparing 3D zoom. Two trapezoid shaped boxes appear together 
with a Box Position and Box Size function buttons that can be used to 
reposition the reference plane box, and determine its lateral width (see 
Fig. 1.16). The dimension of the other box is adjusted using the eleva-
tion width button (see Fig. 1.16). It is always recommended to include 

in any 3D image fixed reference spatial coordinates such as the AV (yel-
low arrow) and LAA (white arrow). Bottom panel: (e) Acquired 3D 
zoom. (f) Same 3D zoom after tilting the image to better view the 
MV. Used with permission of Mayo Foundation for Medical Education 
and Research. All rights reserved. A, anterior; AV, aortic valve; L, lat-
eral; LA, left atrium; LAA, left atrial appendage; LV, left ventricle; M, 
medial; MV, mitral valve; P, posterior
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a b

Fig. 1.16 Schematic illustrations of lateral (a) and elevation (b) width adjustments. Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved
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Image Optimization Tools and Image 
Display

Joseph F. Maalouf and Francesco F. Faletra

 3D Image Optimization [1, 2]

The first step regardless of mode of 3D acquisition is to 
obtain the highest quality 2D image possible of the region of 
interest (ROI; Fig. 2.1). Next the 3D counterpart of the 2D 
image is obtained by pressing the desired 3D mode button 
(Fig. 2.1).

Regardless of mode of acquisition, 3D image size can be 
optimized using the Lateral Size/Width and Elevation Width 
(Philips Healthcare) or Volume Size/Volume Shape (GE 
Healthcare) function controls (Figs. 2.2, 2.3, and 2.4).

As expected, there is a progressive decrease in the 3D vol-
ume rate or frame rate as the 3D volumetric data set gets 
larger. On the Philips 3D platforms, the initial 3D Full 
Volume image obtained represents only the posterior half of 
the entire 3D volume because the anatomic crop plane used 
to obtain the image is a coronal plane that bisects the heart 
into two equal anterior and posterior halves. The missing 
anterior half is restored by pressing a Reset Crop button 
(Fig. 2.5).

After appropriate image display (discussed later), the 3D 
image/video clip is initially optimized by using the lowest 
compression settings possible (Fig. 2.6). Lower compression 
produces a high contrast image with better fine image details.

Persistent noise and other echo artifacts can be removed 
through a process known as tissue cropping. Tissue cropping 

is also very useful to highlight or view the ROI within the 3D 
volumetric data set and therefore, is crucial for image opti-
mization. The different vendors offer several methods to 
achieve adequate tissue cropping. These include use of 
tomographic crop planes that can be advanced into the 3D 
volumetric data set in parallel to the primary planes of the 
heart [coronal, sagittal, or transverse which are perpendicu-
lar to the elevation or z-axis, azimuthal or x-axis, and axial 
depth or y-axis respectively [Crop Adjust Box (Philips 
Healthcare); Crop Tool (GE Healthcare), Box Edit (Siemens 
Healthineers) Fig.  2.7] or from any angle [Translate (GE 
Healthcare; Fig.  2.8), Crop Adjust Plane or Plane Crop 
(Philips Healthcare) a freely adjustable arbitrary cropping 
plane that has a purple color when in front the 3D volumetric 
data set (Fig.  2.9)], or alternatively, crop lines or boxes 
[iCrop , Face Crop, or Quick Vue (Philips Healthcare), 2 
Click Crop (GE Healthcare); D’art (Siemens Healthineers)] 
that determine the ROI within the 3D volumetric data set to 
be viewed (Figs. 2.10 and 2.11).

Care should be taken to avoid over cropping and thus cre-
ation of artefactual defects. The effects of excessive gain or 
too low a gain setting are illustrated in Fig. 2.12.

Smoothing is the process by which the texture of a rough 
surface is evened out. Too much smoothing masks fine image 
details (Fig. 2.13).

 3D Image Display

Appropriate image display is important. For the enface left 
atrial view of the mitral valve, the 3D image is rotated so that 
the anterior aortic valve is at the top of the image with the 
medial atrial septum to the right and the anterolateral left 
atrial appendage to the left of the image (Figs. 2.6 and 2.14).

This view is referred to as the surgeon’s view because it 
closely resembles how the cardiac surgeon sees the mitral 
valve upon opening up the left atrium. Current 3D imaging 
platforms offer the option of automatic display of the mitral 
valve in a surgeon’s view format. By simply rotating the 3D 
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a b

c d

Fig. 2.1 Top panel: 2D TEE (a) and corresponding live 3D (b). Note 
the small 3D volume acquisition and high FR (40) also referred to as 
VR. Bottom panel: Live single beat FV and 3D zoom of the same 2D 
TEE. (c) FV acquisition . Note the larger 3D image data set compared 
with live 3D and consequently marked drop in FR to 10 despite the 
slightly lower image depth. White arrows point to posterior mitral annu-
lus, yellow arrow points to MV and orange arrow points to LVOT. Green 
box indicates that the FV is autocropped with only the posterior half of 
the image being displayed. (d) 3D zoom acquisition at an even shal-

lower depth . The entire MV including AML (white arrow), PML (yel-
low arrow), medial and lateral commissures (red and orange arrows 
respectively) is seen at an adequate FR. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. A, 
anterior; AML, anterior mitral leaflet; AV, aortic valve; FR, frame rate; 
FV, full volume; L, lateral; LA, left atrium; LV, left ventricle; LVOT, left 
ventricular outflow tract; M, medial; MV, mitral valve; P, posterior; 
PML, posterior mitral leaflet; VR, volume rate

a b

Fig. 2.2 Optimizing live single beat FV size using Lateral Size func-
tion. As expected, the FR decreases from a to b with increase in lateral 
width. Used with permission of Mayo Foundation for Medical 

Education and Research. All rights reserved. FR, frame rate; FV, Full 
Volume; LA, left atrium; LV, left ventricle
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a b

c d

Fig. 2.3 (a–d) Adjusting elevation in a live FV acquisition while keep-
ing the lateral width the same. Note the progressive increase in poste-
rior image depth and corresponding decrease in FR with increase in size 
of 3D data set. Because the FV is autocropped, the progressive increase 
in anterior image dimensions can only be appreciated after crop reset 

(see Fig.  2.5). Arrow points to MV.  Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. A, 
anterior; FR, frame rate; FV, Full Volume; L, lateral; LA, left atrium; M, 
medial; MV, mitral valve; P, posterior

a b c

Fig. 2.4 (a–c) Adjusting elevation in a Live 3D acquisition of the 
MV. Note the progressive increase in posterior dimensions of the 3D 
data set accompanied by progressive decrease in the FR. Yellow arrow 
points to MV and orange arrow points to LVOT. Used with permission 

of Mayo Foundation for Medical Education and Research. All rights 
reserved. A, anterior; FR, frame rate; L, lateral; LA, left atrium; LVOT, 
left ventricular outflow tract; M, medial; MV, mitral valve; P, posterior
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“surgeon’s view” of the mitral valve, enface views from the 
left ventricular apex can be obtained, and provide an excel-
lent perspective of the left ventricular outflow tract after 
appropriate image optimization (Fig. 2.15). The enface left 
ventricular view of the mitral valve closely resembles the 
interventional cardiologist’s fluoroscopic view.

3D/4D Zoom Dual layout (Philips and GE platforms) and 
4D Dual view (Siemens) provide simultaneous enface views 
of both surfaces of the structure of interest (e.g. left atrial and 
left ventricular views of the mitral valve and left and right 
atrial views of the atrial septum) (Fig. 2.16). Dual Layout is 
also feasible with Full Volume acquisition including CFD 

a b

Fig. 2.5 (a) Auto cropped live FV image of MV. Only the posterior 
half of the 3D data set can be seen. White arrows point to posterior MV 
annulus. (b) FV after restoring the anterior half of the 3D data set (Reset 
Crop). Note that the FR remains the same. Yellow arrow points to MV 
and orange arrow points to LVOT.  Used with permission of Mayo 

Foundation for Medical Education and Research. All rights reserved. A, 
anterior; FR, frame rate; FV, Full Volume; L, lateral; LA, left atrium; 
LVOT, left ventricular outflow tract; M, medial; MV, mitral valve; P, 
posterior

a b

Fig. 2.6 (a) Fully restored FV image in Fig. 2.5 rotated such that the 
AV is at top of the image (surgeon’s view). (b) Same view after dialing 
down the compression to the lowest possible without creating artifac-
tual defects. White arrows point to atrial septum and red arrows point to 

LAA.  Note the noise artifacts in both images (yellow arrows). Used 
with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved. A, anterior; AV, aortic valve; FV, Full 
Volume; L, lateral; LAA, left atrial appendage; M, medial; P, posterior
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a b

c d

e f

Fig. 2.7 Crop Adjust Box (Philips Healthcare) using color coded 
planes. Cropping of 3D TEE volumetric data set using the three primary 
planes of the heart. Top panel: (a, b) Green for coronal or frontal plane 
divides the heart into anterior and posterior portions and is perpendicu-
lar to the elevation or z-axis. Middle panel: (c, d) Red for sagittal or 
vertical plane divides the heart into right and left portions and is perpen-
dicular to the azimuthal or x-axis. Bottom panel: (e, f) Blue for trans-
verse short-axis plane divides the heart into superior and inferior 

portions and is perpendicular to the axial or y-axis. Note that although 
the 3D data sets were obtained from 2D images that are nearly orthogo-
nal to each other (0 and 85° left and right column respectively), crop-
ping direction remains the same. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. 
A,  anterior; I, inferior; L, lateral; LA, left atrium; LV, left ventricle; 
M, medial; P, posterior; S, superior. Arrows point to P2 prolapse
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a b

c d

Fig. 2.8 3D TTE cropping using Translate function (moves crop plane 
within the 3D volume). Top panel: (a) cropping of MV from LV side 
(white arrows). (b) Cropping of TV from RV side. Note that the 
Translate crop plane can be repositioned in any direction by the track 
ball (white arrow bottom of image). Bottom panel: Use of Translate 
crop plane to view posterior annuloplasty ring dehiscence post MV 
repair. (c) Translate crop plane at tips of MV leaflets viewed from LV 

perspective (white arrows). Yellow arrow points to AML. (d) Translate 
crop plane moved towards the LA (white arrows) to be at level of annu-
loplasty ring (yellow arrows). Red arrow points to defect caused by the 
annuloplasty ring dehiscence. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. 
AML, anterior mitral leaflet; LA, left atrium; LV, left ventricle; MV, 
mitral valve; RA, right atrium; RV, right ventricle; TV, tricuspid valve

a b

Fig. 2.9 Use of freely adjustable arbitrary “purple” plane to crop out 
artifacts. (a) Crop plane above plane of MV aligned parallel to trans-
verse plane of the heart. Note the noise (dark blue arrows) and tissue 
(red arrow) artifacts that need to be cropped out. (b) Same image after 

tissue cropping. Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. A, anterior; AV, aortic 
valve; L, lateral; M, medial; MV, mitral valve; P, posterior
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(Fig.  2.16) on the Epic Philips 3D platforms. TrueVue 
(Philips Healthcare) provides a different perspective of the 
3D image tissue characteristics by adjusting the position of a 
light source within the 3D volumetric data set (Figs. 2.17 and 
2.18b). GlassVue (Philips Healthcare) with its internal light 
source provides more transparent 3D visualization of anat-
omy of interest thus allowing shapes and boundaries of intra-
cardiac structures including soft tissues to be more easily 
seen (Fig. 2.18).

 3DE Multiplanar Reconstruction

Multiplanar reconstruction (MPR) of 3D volume rendered data 
sets, analogous to its use in other imaging modalities such as CT 
and MRI, allows for viewing cardiac structures from any per-
spective, assessing cardiac pathology simultaneously in multi-
ple planes, quantifying complex geometric lesions and flow, and 
obtaining measurements needed prior to structural heart inter-

ventions. Three crop planes color coded blue, red, and green 
(Philips Healthcare and Siemens Healthineers) and green, 
white, and yellow (GE Healthcare) form the basis for MPR. They 
can be orthogonal to each other in the default setting (3DQ 
Philips Healthcare) aligned parallel to one of the three primary 
planes of the heart (Fig. 2.7) analogous to Crop Box, and there-
fore, perpendicular to one of the three axes [elevation (z-axis), 
azimuthal (x-axis) or axial (y-axis)] in which the matrix trans-
ducer transmits and receives acoustic data. Accordingly, in 3DQ 
MPR, the coronal or frontal plane divides the heart into anterior 
and posterior portions and is color coded green, the sagittal or 
vertical plane divides the heart into right and left portions and is 
color coded red, and the transverse short-axis or depth plane 
divides the heart into superior and inferior portions and is color 
coded blue. The green, red and blue planes are perpendicular to 
the elevation or z-axis, the azimuthal or x-axis, and axial or 
y-axis respectively (Figs. 2.19,  2.20, and 2.21).

MPR crop planes and lines may be arbitrary however, 
with the crop direction of a color coded line/plane depending 

a b

c

Fig. 2.10 iCrop of MV 3D data set. Selection of the ROI on two 
orthogonal MPR reference images within the 3D data set (a) and image 
optimization (b). The 3D image of the MV can then be viewed from 
either the LA or LV perspective. (c) Final iCrop 3D image as viewed 
sideways from LA perspective. Arrow points to ostium of LAA. Used 

with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved. A, anterior; L, lateral; LA, left atrium; 
LAA, left atrial appendage; LV, left ventricle; M, medial; MPR, multi-
planar reconstruction; MV, mitral valve; P, posterior; ROI, region of 
interest
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a b

c d

Fig. 2.11 2 Click Crop Top panel: MV 3D TEE (a) and 3D TTE (b) 
viewed from LA (white arrows). Yellow and orange arrows point to posi-
tion of the LA and LV crop planes respectively. Dark blue arrow points 
to flail P2 segment. Bottom panel: (c) 3D TTE of TV leaflets in late 
diastole viewed from RV perspective (white arrows). Yellow and orange 
arrows point to position of RA and RV crop planes respectively. (d) 

3DTEE MR viewed from LA side (white arrows). Orange arrow points 
to LV side of the cropped image. Note low velocity flow (blue arrows) 
that can be cropped out. Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved. AV, aortic valve; 
LA, left atrium; LV, left ventricle; MR, mitral regurgitation; MV, mitral 
valve; RA, right atrium; RV, right ventricle; TV, tricuspid valve

a b

Fig. 2.12 (a) Too high a gain setting shows marked noise that resem-
bles dense SEC. (b) Too low a gain setting creates drop out MV leaflet 
artifacts. Used with permission of Mayo Foundation for Medical 

Education and Research. All rights reserved. MV, mitral valve; SEC, 
spontaneous echo contrast
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a b

Fig. 2.13 3D TEE enface LV view of MV. (a) Optimal image view. (b) 
Too much smoothing. Note the loss of fine image details. Used with 
permission of Mayo Foundation for Medical Education and Research. 

All rights reserved. I, inferior; L, lateral; LVOT, left ventricular outflow 
tract; LV, left ventricle; M, medial; MV, mitral valve; S, superior

a b

c d

Fig. 2.14 3D TEE enface LA views of the MV. Appropriate image dis-
play for a FV (top panel-b) and 3D Zoom clip (bottom panel-d). Note 
that the acquired 3D data set for either FV (a) or 3D Zoom (c) needs to 
be rotated such that the AV is displayed on top of the image (surgeon’s 

view). Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. A, anterior; AV, aortic 
valve; FV, Full Volume; L, lateral; LA, left atrium; LV, left ventricle; M, 
medial; MV, mitral valve; P, posterior
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on the 2D image view from which the 3D volumetric data set 
is generated [MultiVue (Philips Healthcare) and FlexiSlice 
(GE Healthcare)] (Figs. 2.22, 2.23, and 2.24). MPR can be 
used in any 3D acquisition mode.

The availability of the MPR software on the machine 
allows for timely analysis of the 3D data set either in real 
time [MultiVue (Philips Healthcare) and Flexi-Slice (GE 
Health Care)] or after 3D data acquisition [post processing 

(Figs. 2.25 and 2.26)]. Real time Flexi-Slice or MultiVue can 
be very helpful during transcatheter interventions (see Chap. 
33). iSlice (Philips Healthcare) or Multi-Slice (GE Healthcare 
and Philips Healthcare) enable simultaneous display of equi-
distant short axis views generated from a 3D volume acquisi-
tion, and are very useful for quantitation of left ventricular 
ejection fraction and regional wall motion analysis 
(Fig. 2.26).

a b

c d

Fig. 2.15 (a–d) 3D TEE enface LV views of the MV: Image optimiza-
tion is achieved using the freely adjustable “purple” plane (white 
arrows) and by adjusting both gain and compression settings to obtain 
the final image d at bottom right. Note that cropping using the freely 
adjustable plane is only possible when the plane is purple. This is 

achieved by simply rotating this crop plane from green (b) to enface 
purple (c). Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. I, inferior; L, lateral; 
LVOT, left ventricular outflow tract; LV, left ventricle; M, medial; MV, 
mitral valve; S, superior
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a b

c d

Fig. 2.16 Top panel: 3D zoom dual layout of MV (a) and ASD ( yel-
low arrows, b). White arrow points to SVC. Bottom panel: (c) Dual 
layout FV acquisition of MV. (d) Dual layout FV MR CFD (arrows). 
Used with permission of Mayo Foundation for Medical Education and 

Research. All rights reserved. ASD, atrial septal defect; AV, aortic 
valve; CFD, color flow Doppler; FV, Full Volume; LA, left atrium; LV, 
left ventricle; MR, mitral regurgitation; MV, mitral valve; RA, right 
atrium; SVC, superior vena cava

a b

Fig. 2.17 TrueVue (Philips Healthcare) 3D TEE. (a) Coronary artery 
ostium (arrow). (b) Thrombus (dark blue arrows) on SR (green arrows). 
Used with permission of Mayo Foundation for Medical Education and 

Research. All rights reserved. A, anterior; Ao, ascending aorta; AV, aor-
tic valve; L, lateral; LAA, left atrial appendage; M, medial; P, posterior; 
SR, sewing ring
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Fig. 2.18 3D Zoom Dual layout collage of double orifice MV post 
MitraClip deployment with focus on GlassVue  (Philips Healthcare). 
Panels a and b:  Default 3D Zoom (a) and same image in TrueVue 
format (b) after optimizing compression and smoothing options. Panels 

c–f: GlassVue of same TrueVue image in panel b using progressively 
higher transparency settings [0(c),10(d),15(e), and 20(f)]. Images cour-
tesy of Dr. Sari Padang. Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved

a b

c d

e f
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a b

c d

Fig. 2.19 Top panel: Default MPR; Philips Healthcare 3DQ (b) of 
volumetric 3D TEE data set (a) obtained from 2D 4 chamber (0°) mid- 
esophageal view. Blue lines and rectangle, Red line and rectangle, and 
Green line and rectangle refer to the transverse, sagittal, and coronal 
planes respectively as in Crop Box. The 2D TEE 4 chamber view is in 
the coronal plane (green rectangle) Bottom panel: Enlarged images of 

the default 3D data set (c) with tilted 3D volume to better show the crop 
planes (d). The same crop planes in MPR can be seen with the arrows 
color coded accordingly. Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved. LA, left atrium; 
LV, left ventricle; MPR, multiplanar reconstruction
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Fig. 2.20 Same MPR as in Fig. 2.19. (a, b) Green line/plane (green 
arrows) moved anteriorly (a) and posteriorly (b) in the tomographic 2D 
space with corresponding movements of the coronal plane (green 
arrows) in the 3D space. Note the P2 prolapse (white arrow) when the 
crop line/plane is posterior. (c, d) Red line (red arrows) moved from 
medial (c) to lateral (d) in the tomographic 2D space with correspond-

ing movements of the sagittal plane in the 3D space (red arrows). (e, f) 
Blue line/plane moved in a superior (e, blue arrows) to inferior (f, blue 
arrows) direction. Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved. A, anterior; I, 
inferior; L, lateral; M, medial; P, posterior; S, superior

a b

dc

e f
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a b

c d

e f

Fig. 2.21 Top panel: Default MPR; 3DQ Philips Healthcare (b) of 
volumetric 3D TEE data set (a) obtained in same patient in Figs. 2.19 
and 2.20, from a nearly orthogonal mid-esophageal 2D view (85°). The 
2D two chamber view is now in the coronal plane (green rectangle). (c, 
d) Green line/plane (green arrows) moved anteriorly (c) in direction of 
aortic valve (white arrow) and posteriorly (d) in the tomographic 2D 
space with corresponding coronal plane movement in the 3D space 

(green arrows). (e, f) Red or sagittal line/plane (red arrows) moved from 
medial (e) to lateral (f) in the two chamber tomographic 2D space with 
corresponding sagittal plane movements in the 3D space (red arrows). 
Used with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved. LA, left atrium; LV, left ventricle; MPR, 
multiplanar reconstruction
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a b

c d

Fig. 2.22 RT FV MultiVue (Philips Healthcare). 3D TEE volumetric 
data set obtained from a midesophageal 2D four-chamber view (hori-
zontal 0°) in a patient with a large prolapsing posterior mitral leaflet P2 
segment. Top panel: (a) Default MPR. Crop planes are represented by 
lines or rectangles that are color coded green, red or blue. Direction of 
crop view is provided by the interrupted white line (white arrow). Light 
blue arrow points to blue line that represents the tail end of the crop 
plane reflected in the blue rectangle in left lower quadrant and the cor-
responding cropped 3D image. Dark blue arrow points to prolapsing P2 
segment. Note the cross-hair intersection of the red line (red arrow) and 

green line (green arrow) in the blue rectangle tomographic 2D space 
and in the adjacent 3D space. (b) MPR enlarged by using zoom control 
after optimizing the image by adjusting position and size of the crop 
plane. Bottom panel: The cross-hair intersection of the red and green 
lines placed over the prolapsing P2 segment (c) and AML (d) and the 
corresponding changes in the MPR 2D tomographic space. Used with 
permission of Mayo Foundation for Medical Education and Research. 
All rights reserved. A, anterior; AML, anterior mitral leaflet; FV, Full 
Volume; M, medial; L, lateral; LA, left atrium; LV, left ventricle; MPR, 
multiplanar reconstruction; P, posterior; RT, real time
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a b

c d

Fig. 2.23 Same MultiVue MPR of Fig. 2.22 to illustrate crop direction 
of the green and red lines that is clearly appreciated when viewed in the 
3D space. Refer to 3D spatial coordinates legend in Fig.  2.21. Top 
panel: Green line (green arrows) moves in a medial (a) to lateral (b) 

direction in both the 2D tomographic and 3D space. Bottom panel: Red 
line (red arrows) moves in an anterior (c) to posterior (d) direction in 
both the 2D tomographic and 3D space. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved
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Fig. 2.24 Top panel: (a, b) 3D TEE MultiVue MPR from same patient 
but with 3D volumetric data set obtained from an orthogonal 2Chamber 
view. Legend same as for Fig. 2.22. Orange arrow heads point to aortic 
valve. Second panel: Green line (green arrows) moves in an anterior (c) 
to posterior (d) direction in both the 2D tomographic and 3D space. 

Third panel: Red line (red arrows) moves in a medial (e) to lateral (f) 
direction in both the 2D tomographic and 3D space. Bottom panel: (g, 
h) Tilting the green or red line provides a non-linear view of region of 
interest. Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved

a b

c d
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e f

g h

Fig. 2.24 (continued)

a b

Fig. 2.25 Quantitative MPR of volumetric 3D data sets (3DQ, Philips 
Healthcare). Assessment of severity of mitral bioprosthesis stenosis (a, 
dark blue arrows), and MR severity (b). In both MPRs the intersection 
of two orthogonal crop planes (blue and red lines top left, and blue and 
green lines top right in each MPR) at LV tips of MV bioprosthesis leaf-
lets (green arrows) and MR VC (red arrows) is displayed in the blue 
plane (blue box) at bottom left of each image (white arrows). 

Bioprosthesis stenosis severity and MR VC area can thus be quantified 
using the measurement software. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. 
EROA, effective regurgitant orifice area; LV, left ventricle; MPR, muli-
planar reconstruction; MR, mitral regurgitation; MV, mitral valve; VC, 
vena contracta
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a b

Fig. 2.26 (a) Post MV repair annuloplasty dehiscence quantitative 
MPR using Flexi Slice (GE Healthcare). The site and extent of dehis-
cence is clearly defined (red arrow) by the intersection of three arbitrary 
orthogonal planes (white, green, and yellow arrows). Orange arrow 
points to annuloplasty ring. (b) 3D TTE LV Multi-Slice acquisition 

(GE Healthcare) used for LV EF measurement and for regional wall 
motion analysis. Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. EF, ejection fraction; LV, 
left ventricle; MPR, multiplanar reconstruction; MV, mitral valve
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3DE Color Doppler Acquisition 
and Optimization and 3DE Artifacts, 
Caveats, and Pitfalls

Joseph F. Maalouf and Francesco F. Faletra

3D color flow Doppler (CFD) may be acquired in any of the 
available 3D acquisition modes [1], but the most commonly 
used modes are Philips Full Volume (FV) or 3D zoom 
(Fig.  3.1) or GE and Siemens 4D mode. As with any 3D 
acquisition, the 2D image must first be optimized before a 
3D CFD image is obtained. If the volume rate or frame rate 
of a real time live single beat 3D CFD is too low, the frame 
rate can be increased by either decreasing the scanning den-
sity at the expense of decreased spatial resolution (Fig. 3.2), 
or through multi-beat acquisition as discussed in Chap. 1 
thus maintaining spatial resolution.

3D color image size is optimized using the Lateral Size/
Width and Elevation Width (Philips Healthcare) or Volume 
Size/Volume Shape (GE Healthcare) function controls 
(Fig. 3.3).

The initial 2D CFD image does not have to include the 
CFD region of interest (ROI) such as the origin of the jet of 
mitral regurgitation provided the entire CFD ROI is encom-
passed in the rendered 3D volume.

An alternate method to obtain a higher 3D CFD frame 
rate while maintaining the desired 3D volume size is to nar-
row the 3D color sector width to include only the CFD ROI 
within the larger 3D volume data set. If the CFD ROI is cen-
tral, this is achieved using the lateral width button only. 
However, if the CFD ROI is not central, the narrowed 3D 
CFD beam can be directed to the ROI using the tilt lateral or 

elevation function, analogous to use of a torch light beam 
(Figs. 3.4 and 3.5).

Color filter when available, is a very useful tool to elimi-
nate low velocity Doppler signals that may obscure the 
underlying pathology (Fig. 3.6). The transparency provided 
by GlassVue (Philips Healthcare) can bring to light the 
regurgitant jet origin and path (Fig. 3.7).

Quantitative assessment (see Chap. 2) of severity of 
regurgitant lesions is feasible using the multiplanar recon-
struction software (Fig. 3.8).

 3D Artifacts, Caveats, and Pitfalls

Although 3DE is subject to the same types of artifacts seen 
with 2DE [2, 3], some commonly shared artifacts such as 
dropout artifacts simulate a real defect such as an aortic valve 
perforation or atrial septal defect when displayed in a 3D 
format [3] (Fig.  3.9). And, the reduced spatial resolution 
compared with 2D may make thin structures such as suture 
material or chordae tendinae appear thicker than they are in 
reality and in comparison with 2D images which can affect 
resolution of adjacent structures [3]. This is referred to as 
blurring or amplification artifacts [3] (Figs. 3.10 and 3.11). 
Moreover, because 3D axial resolution is inferior to 2D, two 
adjacent ruptured chords may appear as a single thick chord 
on 3D images [3] (Fig. 3.10). Blurring artifacts may be mini-
mized by reducing gain [3]

Additionally, there are artifacts that are unique to 3DE such 
as multibeat acquisition stitch artifacts (Fig. 3.12; see Chap. 
1). And, in the setting of percutaneous transcatheter interven-
tions that are guided by 3DE, artifacts caused by metallic com-
ponents of wires, catheters and devices are particularly 
frequent and comprise a wide spectrum that includes acoustic 
shadowing (Fig. 3.13), blooming, railroad, and reverberation 
artifacts that may impact intraprocedural imaging [3].

Blooming and railroad-shaped artifacts (Fig.  3.14) are 
seen when the structure being imaged contains metallic 
components [3]. In addition to mechanical prostheses and 
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a

b c

Fig. 3.2 (a) Optimized 2D TEE CFD view. (b) Same view, real time 
live single beat (orange arrow) FV 3D TEE CFD . The FR is only 5 Hz 
(yellow arrow). (c) The frame rate is increased to 21 Hz (yellow arrow) 
by changing the 3D TEE CFD acquisition mode to live single beat HVR 

(white arrow) at the expense of reduced spatial resolution. Used with 
permission of Mayo Foundation for Medical Education and Research. 
All rights reserved. CFD, color flow Doppler; FR, frame rate; FV, Full 
Volume; HVR, high volume rate, LA, left atrium

Fig. 3.1 (a) Dual LA and LV layout of FV CFD. (b) 3D Zoom enface 
LV view of MR (dark blue arrows). Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. 

AV, aortic valve; CFD, color flow Doppler; FV, Full Volume; I, inferior; 
L, lateral; LA, left atrium; LV, left ventricle; M, medial; MR, mitral 
regurgitation; S, superior

a b
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a b

c d

Fig. 3.3 Optimizing image size of the 3D CFD HVR (white arrows) 
shown in Fig. 3.1. Top panel: Increase in both lateral width (a) and 
elevation (antero-posterior) width (b). Note the greater posterior depth 
(orange arrows). Green arrow (left) points to AV RCC. Bottom panel: 
(c) Further increase in elevation width (orange arrows). (d) FV CFD 
after crop reset. Note the drop in FR (yellow arrows) with increase in 

3D image dimensions. Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved. Ao, ascending 
aorta; AV, aortic valve; CFD, color flow Doppler; FR, frame rate; FV, 
Full Volume; HVR, high volume rate; LA, left atrium; LV, left ventricle; 
RCC, right coronary cusp
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a b

c d

Fig. 3.4 Real time single beat autocropped FV TEE 3D CFD FR opti-
mization (X7 Philips ultrasound platform) in a patient with MR (dark 
blue arrows). Top panel: (a) Baseline FV CFD. FR is only 3 Hz. (b) 
Same FV with reduced CFD sector width (white arrows) while main-
taining 3D volume size the same. FR is slightly higher at 7 Hz. Bottom 
panel: (c) Further increase in FV CFD FR to 10 Hz by decreasing 3D 
volume size through a reduction in elevation width (Note the less pos-

terior extension; yellow arrows). White arrows point to CFD sector size. 
(d) 3D volume size optimized to include the posterior mitral annulus 
(white arrows). FR is 9 Hz. Note that image depth and spatial resolution 
are maintained throughout. Used with permission of Mayo Foundation 
for Medical Education and Research. All rights reserved. CFD, color 
flow Doppler; FR, frame rate; FV, Full Volume; MR, mitral 
regurgitation
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a b

c d

Fig. 3.5 FV multibeat (6) 3D TEE CFD acquisition with narrow CFD 
sector width (X7 Philips ultrasound). The FR of identical multibeat 
CFD of the entire 3D volume data set was only 6Hz. Top panel: (a) 
3D-2D layout showing the narrowed CFD sector width (white arrows). 
(b) Dual layout highlighting the narrowed CFD sector width (yellow 
arrows) within the larger 3D volume data set. Note that the FR is high 

at 28 Hz despite no change in the 3D volume size. Bottom panel: Auto 
cropped FV 3D TEE CFD enface LA views from same patient high-
lighting the narrowed CFD sector width (arrows) in both systole (c) and 
diastole (d). Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. CFD, color flow Doppler; 
FV, Full Volume; FR, frame rate; LA, left atrium; LV, left ventricle

a b

Fig. 3.6 Multibeat 3D FV CFD enface LA views in a patient with 
severe MR without use of color filter (a) and with high color filter set-
ting (b). Note that without use of color filter, a cloud of low velocity 
flow (blue, red arrows) obscures the origin of the MR jet (white arrows). 
The central origin of the MR jet is clearly seen with use of color filter 

(dark blue arrows). Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved. A, anterior; AV, 
aortic valve; CFD, color flow Doppler; FV, Full Volume; L, lateral; LA, 
left atrium; M, medial; MR, mitral regurgitation; P, posterior
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Fig. 3.7 3D Zoom Dual layout of MV in  GlassVue (Philips Healthcare) 
without (a) and with (b) CFD showing the gap in leaflet coaptation in 
systole (a, yellow arrows) and MV regurgitation (b, red arrows). Note 
the discrete origin of the MR jet from the LV view and splaying of the 

MR jet in the LA. Images courtesy of Dr. Sari Padang.  Used with per-
mission of Mayo Foundation for Medical Education and Research. All 
rights reserved. CFD, color flow Doppler; LA, left atrium; LV, left ven-
tricle; MR, mitral regurgitation

a LA LV LA LVb

a b

Fig. 3.8 Multiplanar reconstruction of 3D TTE CFD in a patient with 
MR using Flexi-Slice (GE Healthcare). (a) The 3D VC (orange arrow 
right lower quadrant) is obtained from the intersection of the three orthog-
onal crop planes (white, green and yellow arrows) at MR VC. (b) 

Measurement of VC area (white arrows). Note the elliptical shape of the 
EROA. Used with permission of Mayo Foundation for Medical Education 
and Research. All rights reserved. CFD, color flow Doppler; EROA, effec-
tive regurgitant orifice area; MR, mitral regurgitation; VC, vena contracta
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a b
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Fig. 3.9 Drop out artifacts. Top panel: (a) 3D TEE enface LA CFD of 
a mitral prosthesis PPL (yellow arrow). Note the drop out artifact (white 
arrow) lateral to the SR (green arrows). Orange arrow points to LAA. 
(b) Persistence of drop out artifact (dark blue arrows) after successful 
percutaneous closure of the PPL. Bottom panel: (c) Drop out artifact in 
AV LCC (arrow) simulating cusp perforation. (d) 3D TEE enface RA 
view of atrial septum showing a drop out artifact simulating a small 
ASD (dark blue arrows) at site of fossa ovalis. Patient had an intact 
atrial septum. As illustrated in these images, drop out artifacts appear as 

lack of tissue on 3DE. Demonstration of flow through any 3D defect 
using color flow Doppler is therefore, a must to confirm that the defect 
is a true defect and not a drop out artifact. Used with permission of 
Mayo Foundation for Medical Education and Research. All rights 
reserved. A, anterior; ASD, atrial septal defect; AV, aortic valve; CFD, 
color flow Doppler; I, inferior; L, lateral; LA, left atrium; LAA, left 
atrial appendage; LCC, left coronary cusp; M, medial; P, posterior; 
PPL, periprosthetic leak; RA, right atrium; S, superior; SR, sewing 
ring; SVC, superior vena cava
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Fig. 3.10 Blurring artifacts. Top panel: 3D TEE enface LA views: (a) 
MV bioprosthesis. Arrows point to SR stitches/suture material that 
appear thick and blurred with indistinct edges. (b) Flail P2 (red arrows) 
with multiple ruptured chordae tendinae that appear thicker than they 
are in reality or when seen on 2DE (yellow arrows). Bottom panel: (c) 
2D TEE of a flail AML. Two distinct ruptured chordae tendinae (white 

arrows) can be seen. (d) 3D TEE of same. The ruptured chords are 
indistinguishable and coalesced (dark blue arrow) because of blurring 
artifact. Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. A, anterior; AML, anterior 
mitral leaflet; AV, aortic valve; L, lateral; LA, left atrium; M, medial; 
MV, mitral valve; P, posterior; SR, sewing ring

devices, this includes wires and delivery catheters or sheaths 
used during percutaneous interventions [3]. Railroad-shaped 
artifacts are typically seen when imaging large catheters 
with wide lumens (Fig. 3.14), and may resolve with rotation 
of the 3D volume data set (Fig. 3.14), increase in compres-
sion which merges borders, and smoothing which reduces 

roughness [3]. Highly reflective metallic tips of catheters or 
sheaths can cause reverberation and side lobe artifacts [3] 
(Fig. 3.15). Reverberation artifacts may appear and disap-
pear with catheter movement and usually form a sharp angle 
with the catheter tip [3] (Fig. 3.15). Gain artifacts were cov-
ered in Chap. 2.
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a b

c d

Fig. 3.11 Blurring artifacts. Top panel: (a) x-Plane of AV showing a 
tiny strand like structure (arrows). (b) Same strand (arrow) seen on 
2DAV short-axis view appears thicker on real time 3D. Bottom panel: 
(c) 3D zoom enface LA view of MV shows a mass like lesion on AML 
(red arrow) simulating a vegetation. (d) 3D-2D layout of the same AML 
mass. The corresponding linear echo on 2D (white arrow) is much thin-

ner and its appearance on multiple 2D views was consistent with arti-
fact and not a real mass. Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved. A, anterior; AML, 
anterior mitral leaflet; AV, aortic valve; L, lateral; LA, left atrium; M, 
medial; MV, mitral valve; P, posterior

a b

Fig. 3.12 Stitch artifacts caused by mutibeat FV acquisition. (a) Stitch 
artifacts (red, orange and yellow arrows) associated with 4 beat acquisi-
tion (white arrow) in a patient with atrial fibrillation. (b) Two beat 
acquisition (white arrow) stitch artifact (red arrows). Used with permis-

sion of Mayo Foundation for Medical Education and Research. All 
rights reserved. A, anterior; AV, aortic valve; FV, full volume; L, lateral; 
M, medial; P, posterior
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a b

Fig. 3.13 Acoustic shadowing. Real time 3D TEE enface LA views of 
MV during transcatheter edge-to-edge MitraClip repair. (a) Acoustic 
shadowing (dark blue arrows) caused by overlying sheath in LA (white 
arrows). (b) Acoustic shadowing (red arrows) while advancing 

MitraClip in LA.  Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved. LA, left atrium; 
MV, mitral valve

a b

c d

Fig. 3.14 Top panel: railroad-shaped artifact. (a) 3D TEE of SGC 
showing a railroad-shaped artifact (white arrows). (b) Resolution of 
artifact with slight rotation of 3D data set. The SCG now has a tubular 
appearance. Bottom panel: blooming artifacts. (c) Mechanical mitral 
valve bileaflet occluders. Compared with the posterior segments of the 
occluder leaflets (yellow arrows), the anterior segments (white arrows) 
appear much thicker with indistinct edges due to blooming artifacts. 
Note the typical “star artifact” due to blooming of the midline anterior 

hinge. (dark blue arrow). (d) Blooming artifacts creating uneven thick-
ness of a stiff wire in LA (white arrows) depending on the angle of 
incidence of the ultrasound beam. Distinguishing wires from catheters 
on 3D echocardiography can therefore, be problematic. Used with per-
mission of Mayo Foundation for Medical Education and Research. All 
rights reserved. A, anterior; L, lateral; LA, left atrium; M, medial; P, 
posterior; SGC, steerable guide catheter
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c d

e f

Fig. 3.15 (a, b) Reverberation artifacts (dark blue arrows) caused by 
metallic tip of delivery sheath (yellow arrow) in LA . Note the typical 
“comet tail/ring down” reverberations (red arrows) with successive 
reverberations gradually diminishing in intensity, and sharp angle of 
artifact in relation to catheter tip. Also, note the marked acoustic shad-
owing caused by the segment of the sheath in the RA (white arrows). (c, 
d) Another reverberation artifact (dark blue arrows) produced by met-
alic tip (red arrow) of a delivery sheath (green arrow). (e, f) Live 3D 
TEE LA views post MitraClip deployment showing side lobe artifacts 

(red arrows) caused by MitraClip: Note the linear arc-like artifact at 
both sides of the strong reflector (green arrows). Also note the acoustic 
shadowing (white arrow) caused by MitraClip (orange arrow). The 
same strong reflector produces another linear artifact (dark blue arrow) 
in the 3D space. Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. A, anterior; AV, aortic 
valve; L, lateral; LA, left atrium; LV, left ventricle; M, medial; P, poste-
rior; RA, right atrium
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3DE Knobology: A Practical Guide 
to Use of the Available Vendor 
Platforms

Joseph F. Maalouf

 Introduction

A major limitation of current 3D echocardiography equip-
ment is the very complicated and often confusing “knobol-
ogy” that has kept even the most experienced 
echocardiographer weary from embracing imaging with 
3D.  This chapter, therefore, is a practical guide to the 3D 
control knobs and tabs most commonly used for image 
acquisition and optimization on the Philips (Philips 
Healthcare) , GE (General electric Healthcare), and Siemens 
(Siemens Healthineers) platforms. For ease of use, we have 
listed the salient 3D function terms for each vendor in a glos-
sary format, and we have included illustrative images of how 
the most commonly used 3D control knobs and buttons are 
displayed or clustered on the equipment consoles and, where 
applicable, the most recent dashboards. A complete review 
that includes 3D quantification tools is beyond the scope of 
this chapter, however, and the interested reader is referred to 
the vendor specific 3D platform user manual and to Chaps. 22 
and 23 for more details.

 Philips 3D Platforms

 IE33

Although Philips IE33 has been replaced by the Epic plat-
form, it remains in use in many centers worldwide. Philips 
IE33 (Figs. 4.1 and 4.2) consists of a console and two side by 
side dashboard touch screens.

 IE33 Dashboards (Figs. 4.3 and 4.4)

 Philips Epic Platforms

Philips Epic platforms (Fig. 4.5) consist of a console and a 
two page touch scroll screens. Although the various upgrades 
in Epic platforms share most of the 3D control tabs, they 
may differ in the way they are displayed or clustered mainly 
on the touch screens. In this chapter, the latest Epic version 
touch screen images are shown (Figs. 4.6, 4.7, and 4.8).

 Glossary of Terms: Philips 3D Platforms

 3D Acquisition Modes

 1. 3D or Live 3D (Epic);Live 3D (IE33): This is the small-
est preset 3D volume and activates Live 3D. The right 
and left select keys next to the console trackball can be 
used to change lateral or elevation position of the Live 
3D image

 2. 3D Opt: A control used to select the 3D acquisition 
method. the term beats here refers to how many sub- 
volumes are used to build the complete volume
 (a) 3D Opt 1 beat: This is live or in real time and applies 

to 3D (Live 3D), Full Volume and 3D Zoom acquisi-
tion modes. Single beat acquisition means that the 3D 
image is obtained from a single ECG gated volume

 (b) 3D Opt multibeat (2, 4 or 6): can be used for any of 
the three 3D acquisition modes and refers to number 
of ECG gated sub-volumes to build the complete 
volume

 (c) 3D Opt High VR (Epic) or HVR (IE33): refers to 
high volume rate and is a real time acquisition but 
with four times the frame rate compared with single 
beat real time 3D acquisition
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 3. 3D Vision: Provides different color hue displays of the 
3D image and includes TrueVue

 4. 3D Zoom: 3D Zoom is a truncated 3D pyramid with 
adjustable size and position.

3D Zoom allows the user to configure the 3D volume 
based on a focused biplane (xPlane) region of interest 

(ROI). Using the right or left select key, box size and 
position frame the desired ROI within the left sided 
image in the 2D xPlane format, and the elevation width 
dial on the touch screen frames the desired ROI in the 
2D plane on the right. Pressing 3D zoom again generates 
the desired 3D image

Fig. 4.1 Left: IE33 machine with two touch screen dashboards (red 
arrows) and control knobs (green arrows) on the machine console just 
beneath the dashboards that allow the operator to select from the differ-
ent options at bottom of the dashboard. Right: Enlarged images of the 

right and left dashboards and corresponding control knobs. Note that 
the dashboard tabs that correspond to the control knobs vary in function 
depending on the dashboard page and image control mode selection. 
Courtesy of Philips

Fig. 4.2 IE33 console. The Gain (dark blue arrow) and Compress (red arrow) knobs, and Acquire (light blue arrow) button are highlighted in the 
enlarged image. Courtesy of Philips
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 5. Auto view: (for mitral and aortic valves). Available only 
in 3D Zoom and automatically rotates an image to a pre-
defined view

 6. Acquire: The stored 3D clip will have a small gray 
square on the bottom right corner of the thumbnail 
image. Acquire allows manipulation of 3D data (post 
processing)

 7. Color : adds color flow Doppler to the 3D volume
 8. Full Volume: Largest preset 3D volume, recognized by 

the autocrop green box
 9. Loop Beats: Refers to the number of cardiac cycles (also 

referred to as beats) of data that will be acquired
 10. Retrospective versus prospective 3D acquisition

 (a) Prospective captures the next completed 3D 
volume(s) after the Acquire button is pressed with 
the total number of acquired volumes being set by 
the number of beats in 3D Opt

 (b) Retrospective captures the last completed volume 
(s) before the Acquire button was pressed with the 
total number of acquired volumes being set by the 
number of beats

 (c) Selecting retrospective vs prospective 3D acquisi-
tion on IE33
I Press Setup tab on keyboard. A menu that 

includes System Settings, and Print/Network 
appears on the left monitor.

II Press Print Network tab

III Select Prospective or Retrospective under Live 
Capture Type menu

 11. Save 3D: 3D clip is saved but cannot be modified (i.e. 
post processed). The 3D clip will show a small circle at 
the bottom right hand corner of the thumbnail image

 12. x-Plane: Displays two simultaneous orthogonal views 
in grayscale and with color Doppler from the same 
heartbeat, utilizing one acoustic window. Using the 
track ball, a white line marker appears on the left image. 
Wherever the marker is placed using tilt function, the 
right image displays its orthogonal view

 Image Optimization Tools

 1. 3D Vision: A control used to set the contrast, transpar-
ency, lighting, and compositing values of the volume 
image. Provides different color hue displays of the 3D 
image and includes TrueVue

 2. Auto view: (for mitral and aortic valves) automatically 
rotates an image to a predefined view from 3D zoom

 3. Bright: Controls image brightness
 4. Color Suppress/Hide Color: Suppresses color on 3D 

CFD acquisition
 5. Compress: Adds soft echos, hence makes objects appear 

more opaque. Low compressions enhance edges of 
structures hence image details

Fig. 4.3 IE33 Right Screen dashboard. Top panel: Two page touch 
screen controls (Next and Previous; orange arrows), 3D acquisition 
modes (white rectangle), Density control (yellow arrow), 3D vision 
(green arrow), Wall Filter (white arrow), Color Suppress (light orange 
arrow) and Rotate Z (blue arrow). Second panel: Left: 3D Opt 1 Beat 
(yellow rectangle), Live 3D (orange arrow) with Color on (yellow 
arrow). White arrow points to the Color Suppress control. Right: Live 
3D (orange arrow) with 3D Opt at 2 beats. The Elevation and Lateral 
Width controls (white rectangle) and iCrop (yellow arrow) are also 
displayed. Third panel: Left: Cropping and image optimization tools 
including Smoothing, 3D Vision, Rotate Z and Magnify (yellow rect-

angle), Bright (yellow arrow), iCrop and iSlice (white rectangle). 
White arrow points to Save 3D Clip control. Right: Crop Adjust Off 
(yellow rectangle), Auto Crop and Reset Cropping (white rectangle), 
and Smoothing (yellow arrow) are highlighted. Fourth panel. Left: 
3D Opt HVR (white arrow). Right: Crop Adjust Box, Select Plane 
set on Green Max and Adjust Plane (white rectangle), Res/Spd (white 
arrow), and 3D Vision (yellow arrow). Bottom panel. Left: Full 
Volume with Color on (white rectangle), Color Suppress (yellow 
arrow), Acquire (white arrow) and xPlane (orange arrow). Right: 
xPlane on (white arrow) and selected 2D image component (xP Image 
Left; yellow arrow). Courtesy of Philips

4 3DE Knobology: A Practical Guide to Use of the Available Vendor Platforms



54

Fig. 4.3 (continued)
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Fig. 4.3 (continued)

Fig. 4.4 Left Screen dashboard showing 3D layout display modes (white rectangle), Dual Volume Layout (white arrow), and Loop (yellow 
arrow), and Right Screen dashboard showing 3D Zoom (orange arrow) and Elevation Width control (yellow arrow). Courtesy of Philips

 6. Dual or Dual volume layout: Simultaneous display of 
two sides of the 3D volume acquired (e.g. atrial and 
 ventricular surfaces of mitral valve or right and left atrial 
surfaces of atrial septum)

 7. Elevation Width: Controls antero-posterior dimensions 
of a 3D image regardless of 3D acquisition mode

 8. Freeze button (control console): Images can be reviewed 
by pressing Cine Play on touch screen, and images can 
be edited as needed using the Trim keys (Trim Left and 
Trim right) in order to select the beat with best 3D vol-
ume to be acquired

 9. Gain: Adjusts for sound attenuation: Too high a gain 
produces noise. Too low a gain may create artefactual 
echo drop out. 3D gain is changed by turning the 3D 
knob. Image background should show a bluish gray for 

deep visualization. Overgain will show more gold in 
background with loss of definition

 10. GlassVue: Highlights edges in the image with the ability 
to control the transparency. It is a different way to setup 
TrueVue. GlassVue is accessed from the touchscreen 
when TrueVue is active

 11. Layout: A control to select the 3D display and includes 
three MPR modes. Note: If 3D image anatomy is not 
clear, the 2D reference images that make up the 3D 
image can be viewed using the Layout tab

 12. Lateral Width: Controls lateral (width )dimensions of a 
3D image regardless of 3D acquisition mode

 13. Smoothing: Also referred to as persistence. Smoothing 
evens out the image surface. Too much smoothing will 
mask fine image details
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 14. TouchVue: Allows use of hand or fingers instead of rota-
tional knobs to manipulate a 3D image in all three planes 
(x, y or z) 

 15. TrueVue: Allows light to be placed at various depths 
within the 3D image in order to provide unique shadows, 
tones/hues to a ROI

 16. View Top/bottom/right/left: refers to enface view desired
 17. Wall Filter: Range 0–9; Increasing this control sup-

presses lower color flow velocities. This is similar to the 
action of the Color Wall Filter in 2D

 Cropping Tools

 1. 3DQ: Provides post processing multiplanar reconstruc-
tion (MPR) of the acquired 3D data set. MPR creates 2D 
images from the 3D data set. Typically, they are placed 
orthogonal to each other with one plane parallel to the 
ROI for measurement purposes.

 2. 3D Auto LAA: Rapid MPR guided  automated method 
used to measure the area,circumference, and diameter of 
the left atrial appendage (LAA).

 3. 3D Auto MV: provides for semi-automated analysis of 
MV anatomy.

 4. Adjust Plane: Moves selected cropping plane along its 
axis to achieve desired amount of cropping.

 5. Auto Crop: Automatically cuts the Full Volume pyrami-
dal data set to the midpoint with the cut plane parallel to 
the reference plane. All Full Volume 3D data sets are gen-
erated auto cropped. Auto Crop is available in both 3D 
review (post-processed images) and live 3D acquisition.

 6. Crop Adjust On/Off: When switched on provides option 
to use Crop Adjust Box or Crop Adjust Plane.

 7. Crop Adjust Box: Allows cropping of 3D volume along 
color coded elevation, depth and lateral axes (Fig. 4.9): 
Green for elevation z-axis and plane. This is equivalent 
to a coronal or frontal plane which divides the heart into 
anterior and posterior portions; Blue for depth or axial 
(y-axis). This is equivalent to a transverse plane which 

Fig. 4.5 Left: Philips Epic machine with console (red arrows) and two 
page touch scroll screens (green arrows), Right: Enlarged image of the 
console to highlight the 3D knob (white arrow), Dual layout button 

(yellow arrow), one of the two Acquire tabs (Acquire 1; green arrow), 
and the Color control knob (orange arrow). Courtesy of Philips
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Fig. 4.6 Touch scroll screen controls 1. Top panel. Left: 3D acquisi-
tion modes (white rectangle), Lateral Size/Elevation Width controls 
(yellow rectangle), MultiVue and FaceCrop (blue rectangle), TrueVue 
(blue arrow), TouchVue(orange arrow), 3DOpt (1–6 beats, or HVR ; 
green arrow), and Capture Type (Prospective or Retrospective; orange 
rectangle) are all displayed. The Compress (white arrow) and Adjust 
Plane (yellow arrow) controls can also be seen. Right: Clustered crop-
ping options (Plane Crop, Quick Vue, iCrop, and MultiSlice; white 

rectangle). 3D Cropping (white arrow), Bright (blue arrow), 3D Vision 
type (orange arrow) and Smoothing (yellow arrow) controls are also 
seen. Bottom panel. Left: The 3D Color Wall Filter control (1–9; yel-
low arrow) and Hide Color control (blue arrow) are seen. 3D Cropping 
control (white arrow) is Off. Right: 3D Cropping set on Green Max 
(white arrow) and Adjust Plane control (orange arrow) are seen. 
Courtesy of Philips

divides the heart into superior and inferior portions; and 
Red for lateral or azimuthal x-axis or plane. This is 
equivalent to a sagittal or vertical plane which divides 
the heart into right and left portions. Crop box allows 
cropping from six directions (two for each cropping 
plane referred to as Min and Max). Cropping is available 
in both Live 3D acquisition and 3D review (post pro-
cessed images).

 8. Crop Adjust Box on Min/Max Refers to location of 
selected crop plane from transducer.

 9. Crop Adjust Plane (Plane Crop): Freely adjustable 
arbitrary cropping plane that has a purple color when in 
front the 3D volume data set in position for cropping and 
green when behind.

 10. Face Crop: Allows unidirectional cropping of 3D vol-
ume data (e.g. for Full Volume from apex to base of 
pyramidal data set). The trackball is used to position the 
3D image so that the area to be cropped is facing the user 
(crop what you see directly in front of you), and rotating 

the plane adjust knob sets the crop depth. When not dis-
played as a separate touch screen tab, Face Crop is 
turned on by rotating the 3D Cropping knob 1 click 
counter clockwise.

 11. HM ACQ: Provides fast LV and LA quantification from 
a single Full Volume loop.

 12. iCrop: A control used to identify a ROI on two orthogo-
nal MPR reference images within the 3D data set. MPR 
left or right on touch panel will allow operator to select 
the orthogonal reference volume on MPR to be cropped 
(using Box size, Box position, and Box rotation) and to 
toggle between the two orthogonal planes.

 13. iSlice: Provides multiple simultaneous 2D views by slic-
ing the 3D volume on its short or long axis.

 14. Light depth: A control used to adjust the depth of the 
TrueVue light source on the 3D image.

 15. Lock MPR: Used with MultiVue (see later). Toggles to 
lock or unlock. When the MPRs are locked, all planes 
will remain orthogonal to each other. When the MPRs 

4 3DE Knobology: A Practical Guide to Use of the Available Vendor Platforms



58

Fig. 4.7 Touch scroll screen controls 2: Top panel: Left: MultiVue 
(white arrow) control tabs (white rectangle) including color coded 
Reference planes (white square) and Lock MPR control (orange 
arrow). Yellow arrow points to 3D Layout selection. Right: 3D Zoom 
Mitral , Aortic SA for short-axis, and LAA display options. Middle 
panel: 3DQ (left) and HMACQ (right) MPR measurement packages 

are highlighted by the white rectangles. Layout selection options are 
highlighted by the yellow rectangle. White arrow points to Save 3DClip 
option. Bottom panel: Left: iCrop control (white rectangle) including 
MPR selection (white arrow). Right: Clustered MPR options (QApps; 
white rectangle) and Trim function (white arrow). Courtesy of Philips
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are unlocked, the planes can be freely manipulated and 
moved independently.

 16. MPR Left/Right: Necessary for iCrop and refers to left 
or right 2D crop box associated with each of the orthog-
onal 2D views.

 17. MultiSlice: Enables simultaneous display of multiple 
short axis views generated from a 3D volume 
acquisition.

 18. MultiVue: Used to orient and crop the 3D volume (regard-
less of mode of 3D acquisition) in real time by adjusting 
reference lines in the MPR views. The crop location is 
indicated by a white dashed line in the Green and Red 
MPRs. Arrows at the end of the crop line indicate the 
direction from which the 3D volume is being viewed. By 
clicking on the area of interest on the 3D volume, the 
MPR planes will automatically align to the area clicked. 
MultiVue can be used with TrueVue and TouchVue.

 19. Quick Vue: A control used to quickly crop a 3D volume 
from any MPR plane displayed in the 3D image Layout 
and is available in both 3D review (post-processed 
images) and Live 3D acquisition. Quick Vue requires 
only two steps to get the required view of the anatomy. 
On any MPR image, click where to view from to set the 
Tail and then click where to view to set the Tip 
(Fig. 4.10). Quick Vue is similar to 2-Click Crop on GE 
(see below) with easy to change the angle of view.

 20. Reset Crop: Restores anterior half of Full Volume data set.
 21. Transparency: Adjusts transparency level (range 0-20) 

when using GlassVue.
 22. TrueVue: Using a virtual light source, TrueVue makes it 

simpler to visualize the location of the defects and com-
prehend depth within the structures.

 23. View Top/bottom/right/left: Refers to enface view 
desired.

Fig. 4.8 Touch scroll screen controls 3. Top panel. Left: Multislice 
option in MultiVue (arrow). Right: Color coded crop planes Layout 
Configuration in MultiVue. Bottom panel. Left: Glass Vue tab (yel-
low arrow), Transparency (yellow rectangle), and Light Depth 

(orange arrow). Right: 3D Auto LAA (yellow rectangle), 3D Auto MV 
(orange rectangle), Cine/Trim functions (blue rectangle), and Cine 
Speed (light green rectangle). Courtesy of Philips
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Fig. 4.9 Schematics of crop axes: Left: Pyramidal 3D. 1 (red) lateral 
or azimuthal x-axis,  2 (green) for elevation or z-axis, and 3 (blue) for 
height or axial y-axis. Right: schematic images as obtained by a 2D 

versus a 3D probe. Note the additional elevation (depth) z-axis dimen-
sion with 3D imaging. Courtesy of Philips

 GE Healthcare E90/95

In this chapter, images from the more recent E95 model are 
shown. The console (Fig. 4.11) and dashboard/touch screen 
control displays (Figs. 4.12 and 4.13) of GE E90 and E95 
models are very similar, however.

 3D Acquisition Modes

 1. Console 4D button (3D+ time as the fourth dimension) 
Switches on to single beat 3D imaging

 2. Dashboard/Touch screen 4D: provides three volume size 
options
 (a) Bird’s view: smallest preset 3D volume (50° lateral 

and 15° elevation)
 (b) Medium (35° lateral and 35° elevation)
 (c) Large (60° lateral and 60° elevation)

 3. 4D Zoom prepare: Adjusts ROI within a biplane 2D 
image . Pressing the 4D button acquires the 3D data set. 
To start 4D Zoom prepare: From 4D or 4D Color Flow 
mode press the Zoom button on console (see Fig. 4.11, 
bottom right). Alternatively, from 2D, Color Flow or Bi- 
plane mode press 4D Zoom prepare

J. F. Maalouf
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Fig. 4.10 QuickVue controls (see text). Courtesy of Philips

 4. Color button(console): Color flow can be enabled in 2D 
mode before entering 4D mode or when in 4D mode

 5. Layout : Provides option to view the 3D data set with 
component 2D planes

 6. Multi-Beat : number of subvolumes is selected by adjust-
ing Num Beats (2, 3, 4, 6)

 7. MultiD: Provides ability to scan two planes (Bi-Plane) or 
three planes (Tri-Plane) from same heart cycle

 8. Multi-Slice: enables simultaneous display of multiple 
equidistant short axis views generated from a 3D volume 
acquisition

 Image Optimization

 1. 2D button (console) : controls 4D gain settings and can 
be done in real time and also after image acquisition 
(post processing)

 2. 4D Clarity: edge preserving specklke and noise reduc-
tion filter that reduces speckle while preserving or even 
enhancing significant boundaries in the volume data. 
Increasing 4D clarity will create images with less visible 
speckle noise and with a softer appearance

 3. 4D thickness: allows adjusting crop slice thickness
 4. Active Mode button (console): controls 4D image com-

pression: This is accomplished by a twist rotation of 

the knob. Low compression provides better image 
details

 5. Depth illumination: Object illuminated by an imaginary 
light source, casting a shadow to help enhance depth/
distance perception

 6. Frame Rate: increases or decreases the frame rate (tem-
poral resolution) with concomitant opposite changes in 
spatial (detail) resolution

 7. Gamma: Affects only midtone values. Lower gamma is 
associated with brighter images whereas higher gamma 
with darker images

 8. HD Live: adds soft shadows and brightness to 3D vol-
ume by changing the direction and depth of a light 
source

 9. Laser Lines: may help improve visual linkage between 
2D slices and 4D rendered images (the laser lines on a 
3D image represent the displayed 2D tomographic slices 
within the 3D data; The laser lines can be color coded so 
as to easily identify them), and may aid depth visulaza-
tion, in live as well as replay

 10. Multibeat: Number of subvolume acquistion (range 
2–6)

 11. Shading: Adjusts the shading effect on the volume ren-
dering and may improve three dimensional perception

 12. Smoothness: Evens out image surface. Too much 
smoothing will mask fine image details
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 13. Tissue Transp: Serves to bring up tissue structures or 
flow information behind obscuring tissue structures

 14. Transl: Translates the crop plane into the volume
 15. Volume Opt: Optimizes volume rendering by adjusting 

several display controls simultaneously (e.g. shading, 
smoothness etc…)

 16. Volume shape : Adjusts the ratio between the elevation 
(depth) and azimuth (width) in the 3D volumetric data 
set by primarily changing the amount of elevation

 17. Volume size : Adjusts volume in both azimuthal ( width) 
and elevation (depth) directions simultaneously

Fig. 4.11 GE Vivid 95 Machine and Console panels highlighting the 4D button (light blue arrows), Layout button(dark blue arrows), active mode 
button (red arrows), 2D (green arrows), and Zoom (purple arrows) on the console. Courtesy of GE Healthcare
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 Cropping

 1. 2-Click Crop: crop mode where two parallel crop planes 
are applied to the volumetric data set. The position and 
viewing direction are defined by clicking in two locations 
either in the 2D reference images or in the 3D volume

 2. Flexi-Slice: Customizes where 2D slices come from. 
Laser lines on 3D acquistion can be moved to desired ROI 
and the corresponding 2D images are displayed in three 
orthogonal planes. Flexi Slice displays 3 perpendicular 
cut planes and a volume rendering. The cut planes can be 
rotated and translated independently of each other or in 
combination. Flexi Slice mode is available in 4D, and 4D 
color flow modes in live and replay

 3. Parallel Crop: provides a slice of the 3D volume data set 
contained within two parrallel cropping planes that are 
advanced in tandem into the 3D data set

 Siemens Healthineers Z6Ms

 4D Controls (Figs. 4.14, 4.15, and 4.16)

 1. Space/Time resolution control: Adjusts for temporal and/
or spatial resolution. There are four settings: S1, S2, T1, 
and T2. The S settings optimize spatial resolution and the 
T settings optimize temporal resolution.

 2. X, Y, and Z volume rotation controls rotate the volume 
rendered image along the different spatial axes.

 3. Box Edit: Allows cropping of the volume along the X, Y, 
and Z axes. Turn Box Edit on from soft keys and use X, Y, 
and Z controls to crop the box displayed around the 
volume.

 4. Clip Store: Acquires the 4D volume.

 5. Dual V: Simultaneously displays two views of the same 
4D volume from opposite viewing angles by displaying 
two orthogonal reference planes and two opposing vol-
ume views.

 6. Single V (Previously D’art): Crops the 4D image from a 
single viewing point. A reference point appears with an 
arrow, indicating viewing direction. The region of inter-
est can be adjusted in size by selecting and moving the 
corners. The region of interest can also be rotated by 
 selecting and moving the reference point or the view 
direction arrow.

 7. Bi-plane+: scans two imaging planes with different rota-
tion and tilt angles in a side-by-side format, enabling indi-
vidual manipulation of the planes.

 8. RES enhanced resolution imaging: Zoom function that 
re-optimizes and re-scans the selected region of interest, 
increasing temporal and spatial resolution. In 4D imag-
ing, press RES and adjust ROI. Then press 4D to enter a 
focused viewing mode of selected anatomy.

Fig. 4.12 Vivid E95 Dashboard/Touch screen Panels 1. Left: 4D 
acquisition modes (Bird’s view, Medium, Large, and 4D Zoom 
Prepare; yellow rectangle), Multi Beat and Num Beats (white square), 
Volume Size/Volume Shape and Volume Opt (double headed yellow 
arrow), Flexi Slice and Multi Slice (orange square), Transl (orange 

arrow), 4D Clarity (green arrow), HD Live (yellow arrow), 2ClickCrop 
(white arrow), and Crop View/Flip options (white curly bracket). 
Right: Multislice (white arrow), Multislice Layouts selection (white 
rectangle), and Slice Thickness selection (yellow arrow). Note the 
associated 4D selection (yellow rectangle). Courtesy of GE Healthcare
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Fig. 4.13 Vivid E95 Dashboard/Touch screen panels 2. Top panel: 
Left: Parrallel Crop (yellow rectangle), Tissue Transp (white rect-
angle), Smoothness, Shading, and Gamma controls (orange curly 
bracket) are highlighted. Right: 4D CF (orange arrow), Laser Lines 
(white rectangle) and Tissue Priority (white arrow) are highlighted. 

Middle panel: 4D CF (orange arrow) LowVelReject (white arrow) and 
Flow/Tissue Transp (yellow arrow) controls are highlighted. Right: 
MultiD Bi-Plane/Tri-Plane selection option (white rectangle). Bottom 
panel shows 4D strain controls. Courtesy of GE Healthcare
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Fig. 4.14 Top panel: overview of Siemens machine and console. Red 
arrow points to Clip Store button. Middle panel. Left: Console 
SpaceTime S1 setting (yellow arrow), 4D control (white arrow), and 
RES control (light orange arrow). Right: SpaceTime T2 setting (yel-
low arrow) and Vol Size (orange arrow). Bottom panel. Left: 
SpaceTime S2 setting (yellow arrow), Bi-Plane+ (orange arrow), Dual 

(blue arrow) and 4D control (white arrow). Right: X (white arrow), Y 
(yellow arrow) and Z (orange arrow) 3D volume spatial axes rotation 
controls. Please note that these buttons also serve to provide color 
Doppler (C), pulse wave Doppler (PW) and continuous wave Doppler 
(CW) in that order. Courtesy of Siemens Medical Solutions USA, Inc.
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Fig. 4.15 Top panel: Left: Screen showing MPR of 3D image with 
component 2D planes. Single V (D’art) on and Box Edit off cropping 
tools are shown below (white rectangle). White arrow points to Single 
V (D’art) cropping viewing direction. Yellow arrow points to icon that 

allows viewing of the selected volume rendered image in full screen 
mode. Right 3D crop box on (white arrow). Bottom panel: Enlarged 
views of Single V (white arrows) off (left) and on (right) and Box Edit 
on (yellow arrow). Courtesy of Siemens Medical Solutions USA, Inc.
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Fig. 4.16 4D volume review display options panel highlightighting the 
following: Dual V control (white arrow); Number of views including 
multislice (red square); no cross lines (yellow rectangle); box/wire 

frame (blue square); and split view (orange square) Courtesy of Siemens 
Medical Solutions USA, Inc.
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3DE of Normal Mitral Valve: Image 
Display and Anatomic Correlations

Francesco F. Faletra, Laura A. Leo, Joseph F. Maalouf, 
and Joseph J. Maleszewski

 Introduction

Cardiac anatomy is a fundamental part of the medical cur-
riculum. Traditionally, pathologists illustrate cardiac struc-
tures using anatomic specimens derived from cadaver 
dissections. However, in the past two decades, technological 
advances in non-invasive imaging techniques have allowed 
acquisition of exquisite anatomical details of the heart in 
both two-dimensional (2D) and three-dimensional (3D) for-
mat. Thus, nowadays, students of cardiology may learn heart 
anatomy in the form of medical imaging to supplement and 
enhance the traditional teaching based on the observation of 
anatomical specimens. Understanding normal anatomy of 
the mitral valve (MV) is of paramount importance for a cor-
rect interpretation of the wide spectrum of MV diseases and 
for safe and effective surgery or percutaneous transcatheter 
procedures targeting the mitral annulus (MA) and leaflets. 
Three-dimensional transesophageal echocardiography (3D 
TEE), more than 3D transthoracic echocardiography, pro-

vides accurate images of the MV with a high temporal and 
spatial resolution. The particular ability of angulating and 
rotating the volumetric data set allows viewing the valve 
from several perspectives. Moreover, unlike anatomic speci-
mens, this technique provides a never-seen-before three 
dimensional “dynamic” anatomy. Other non-invasive imag-
ing techniques, in particular computed tomography (CT) and 
cardiac magnetic resonance (CMR), may visualize specific 
components of the mitral valve apparatus and surrounding 
structures with more details than 3D TEE, such as epicardial 
adipose tissue (EAT) in the atrio-ventricular groove, coro-
nary arteries surrounding the MV or papillary muscles. 
These techniques are nowadays indispensable companions 
of 3D TEE for an accurate and complete description of the 
MV apparatus. In this chapter, we describe the salient anat-
omy of the mitral valve apparatus as it appears with the 
above-mentioned non-invasive imaging techniques.

As emphasized by Perloff and Roberts [1], the MV is a 
complex apparatus in which several components move in 
perfect spatial and temporal coordination to ensure effective 
valve competence. Key components are the annulus, leaflets, 
chordae tendineae and the papillary muscles (PMs) attached 
to the left ventricular free wall.

 Mitral Valve Annulus

The perception that the MA is a continuous circular ring of 
dense connective tissue that encircles the atrioventricular 
junction, anchors the leaflets and divides the left atrium from 
the left ventricle, is rather incorrect. When an anatomic spec-
imen or 3D TEE image of the MV is observed from an over-
head perspective, the MA is seen as the hinge line of the 
mitral leaflets (the “transition zone” of the cardiac surgeons) 
and has a D-shaped configuration with two well distinct 
components: straight located anterior-medial and referred to 
as anterior MA, and curved located posterior-lateral and 
referred to as posterior annulus (Fig. 5.1a, b). This D-shaped 
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aspect of the MA varies throughout the cardiac cycle, becom-
ing more circular in diastole (Fig.  5.1c, d). Because these 
components have different anatomical structure and func-
tion, they are described separately.

 The Posterior MA

In cross-section the posterior MA appears as a juxtaposition 
of four components: the atrial wall, the ventricular wall, the 
hinge line of the posterior mitral leaflet, and the epicardial 
adipose tissue (EAT). These components are supposed to be 
“joined” together by a cord of fibrous tissue. It is undeniable 
that this fibrous cord, though attenuated, interspersed with 
fat and discontinuous, represents the posterior MA [2]. 
However, in areas in which it is absent, the posterior leaflet is 
attached directly on the ventricular muscular tissue. This 

specific anatomic structure explains the sphincteric action of 
the MA: segments of the hinge line of the posterior leaflet, 
attached directly to the muscular tissue, follow the contrac-
tion and relaxation of the left ventricle (see below). On the 
other hand, EAT penetrates deeply into the atrioventricular 
groove up to the base of the posterior leaflet. This particular 
arrangement provides a perfect electrical insulation between 
the left atrium and the left ventricle. Finally, the absence of a 
robust fibrous cord makes the posterior annulus rather “soft”, 
explaining why dilatation of the MA affects prevalently this 
component.

Either 3D TEE or CT and CMR may illustrate the com-
plex anatomical arrangement of the posterior annulus. 3D 
TEE distinguishes the atrial and ventricular myocardium and 
the hinge line of the posterior leaflet. However, the similar 
acoustic impedance between EAT and myocardium prevents 
a clear distinction between the two tissues (Fig. 5.2a, b). CT 

a b

c d

Fig. 5.1 (a) Anatomic specimen from an overhead perspective show-
ing the D-shaped configuration of the mitral annulus. (b) 3D TEE 
image with a new volume rendering algorithm which provides a very 
realistic image. In both panels the white dotted line marks the anterior 

component of the mitral annulus and the curved red dotted line the pos-
terior component. (c, d) 3D TEE still images in (c) diastole and (d) 
systole from overhead perspective showing that the annulus becomes 
more circular in early diastole
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Fig. 5.2 (a) Cross-section image of 3D TEE in long axis view of the 
left ventricle (LV). (b) Magnified image of the area in the red box of 
panel a. Three components of the posterior MA can be distinguished: 
namely the atrial and ventricular walls and the hinge line of the poste-
rior mitral leaflet. The epicardial adipose tissue (EAT) is not recogniz-
able. (c) Computed tomography scan showing the LV in cross section 
long axis view. (d) Magnified image of the area in the red box in panel 

c. All four components of the posterior MA can be distinguished though 
the boundaries between EAT, which is darker than that of the surround-
ing structures, and the muscular tissue is rather indistinct. (e) CMR bal-
anced steady state free precession (SSFP) sequence showing a cross 
section long axis view of the LV. (f) Magnified image of the area in the 
red box in panel E. All the four components of posterior MA can be 
clearly distinguished

a b

c d

e f
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scan is able to differentiate the four components of the pos-
terior mitral annulus: its high spatial resolution allows 
obtaining exquisite images of the hinge line, the atrial and 
ventricular wall. EAT appears darker than surrounding struc-
tures though the boundaries between EAT and muscular tis-
sue are rather indistinct. Moreover, CT allows defining the 
anatomic relationships between the course of the circumflex 
coronary artery and its marginal branches and the posterior 
MA (Fig. 5.2c, d). Finally, the balanced steady state free pre-
cession (SSFP) sequences of CMR produce strong signals 
from the blood and EAT, and weak signals from the muscular 
tissue, making CMR probably the technique that more pre-
cisely visualizes all four components that form the posterior 
MA (Fig.  5.2e, f). Interestingly, none of these techniques 
enables visualizing the fibrous cord described in histological 
specimens and corresponding to the posterior MA.

 The Anterior MA

The anterior MA from an atrial perspective is just the junc-
tion between the yellowish anterior leaflet and the pink- 
coloured atrial wall. This line lies in a more apical position 
than the hinge line of the aortic leaflets. Because of this 
arrangement, from a ventricular perspective, the hinge line of 
the anterior mitral leaflet and the crown-shaped insertion of 
aortic leaflets are separated by a smooth fibrous band called 
mitral-aortic curtain also referred to as the mitral-aortic 
intervalvular fibrosa or mitral-aortic continuity. This band 
extents laterally and medially up to two robust fibrous nod-
ules called trigons, superiorly and inferiorly continues 
imperceptible with the interleaflet triangle between the non- 
coronary and left coronary sinuses and with the anterior 
mitral leaflet respectively. Thus, from a strict anatomical 
point of view the anterior mitral leaflet, the mitral aortic cur-
tain and the interleaflet triangle, are a unique anatomic struc-
ture. Both CT and CMR in a cross-section long axis view of 
the left ventricle, can elucidate this complex arrangement of 
anterior MA, while 3D TEE from a left ventricle perspective 
is able to visualize the mitral-aortic curtain “en face” 
(Fig. 5.3).

 The Saddle Shaped Arrangement of MA
The notion that the MA is not planar but rather has a three- 
dimensional saddle-shaped configuration goes back to the 
seminal work of Robert Levine et al. [3]. Their work has 
led to a profound conceptual reconsideration of the diag-
nostic criteria of mitral valve prolapse. The highest point 
(peak) is located at the midpoint of the anterior segment, 
followed by the midpoint of the posterior segment, and the 
lowest points (valleys) are located at the commissures 
(near the fibrous trigons). A digitally computerized recon-
struction of 3D TEE images (using software available on 

most echocardiography machines) may clearly show this 
three-dimensional architecture (Fig.  5.4). Interestingly, 
either in their original paper or using the available dedi-
cated software, the contour traced to reconstruct the sad-
dle-shaped configuration follows the hinge line of leaflets. 
Thus, the three-dimensional saddle- shaped arrangement 
should be referred to as the hinge line rather than a true 
anatomical annulus, which as a complete ring does not 
exist at all.

 Dynamics of MA
The MA has three fundamental motions:

 (a) Sphincteric-like contraction, which depends exclusively 
on the contraction of the left ventricle that leads to an 
anterior motion of the posterior segment hinge line; this 
motion facilitates leaflet coaptation assuring effective 
valve competence and it is best appreciated with 3D TEE 
from an overhead perspective.

 (b) Translation motion toward the apex. The apex of the 
heart is firmly attached to the diaphragm by robust con-
nective bands; the contraction of sub-endocardial and 
subepicardial myofibers longitudinally/obliquely orien-
tated produces a longitudinal systolic shortening of the 
left ventricle, which drags the MA towards the apex. 
This motion enlarges the left atrium and the consequent 
drop in left atrial pressure promotes pulmonary venous 
return. The best technique to appreciate this translation 
motion is CMR.

 (c) Annular infolding (i.e. an increase of the saddle-
shaped arrangement). Accentuation of the annular 
infolding produces several beneficial effects: reduces 
the systolic stress on the leaflets (by increasing leaflet 
curvature), balances the tension exerted on chordae, 
reduces radial and circumferential deformation of 
the posterior leaflet promoting a better inter-scallop 
coaptation and concentrates the peak stress on the two 
trigones [4].

 Mitral Leaflets

Anatomists and surgeons describe the mitral valve as having 
two leaflets, the anterior (or aortic) and the posterior sepa-
rated by two deep incisures (commissures). The anterior 
leaflet has a triangular shape. Its insertion on the MV annu-
lus covers approximately 1/3 of the annular circumference. 
The posterior leaflet has a quadrangular shape covering the 
remaining 2/3. Because the anterior leaflet is wider than the 
posterior leaflet, the area of each leaflet is almost equal. 3D 
TEE provides superb images of the MV leaflets. In nearly 
70% of normal valves, the posterior leaflet presents two 
indentations, which divide the leaflet into three segments (or 
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a b

c d

e f

Fig. 5.3 (a) CT cross section long axis view of the left ventricle. 
(b) Magnified image of the area in red box in panel a. Arrows point 
to the hinge line of the aorta (AO), mitral aortic curtain and hinge 
line of the anterior mitral leaflet (AML). (c, d) Similar images 
obtained with CMR. (e, f) 3D TEE from a ventricular perspective in 

(e) diastole and (f) in systole showing the mitral-aortic curtain “en 
face”. The two orange circles indicate the trigons. The black dotted 
line indicates the hinge line of the mitral valve, the triangular white 
dotted line indicates the interleaflet triangle (ILT). LV, left ventricle; 
LA, left atrium; MV mitral valve

5 3DE of Normal Mitral Valve: Image Display and Anatomic Correlations
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scallops) P1 (lateral), P2 (central), P3 (medial). The anterior 
leaflet has no identifiable scallops. However, for practical 
reasons, surgeons divide the anterior leaflet into 3 segments, 
named A1, A2, and A3, indicating the areas opposite the 
corresponding scallops of the posterior leaflet (Fig. 5.5a, b). 
In contrast to other non-invasive imaging techniques, 3D 
TEE offers the unique opportunity of visualizing leaflets 
and scallops in a countless number of perspectives. There 
are at least four basic perspectives: the perspective from 
above, the so- called “surgical view”, because it is the same 
vantage point of surgical inspection in the operating room, 
the perspective from the left ventricle and the angled right-
to-left and left-to- right perspectives. The angled perspec-
tives [5] allow a better vision of the medial and lateral 
commissures. Moreover, when needed, slight angulations or 
rotations from these basic perspectives or selective cuts per-
mits visualizing anatomic details (Fig. 5.5c, d).

Quite often, the commissures do not reach the hinge line 
leaving a strip of valvular tissue connecting the two leaflets. 
In such a case, from a strict anatomical point of view, the 
mitral valve may be considered a continuous veil inserted 
around the entire hinge line of mitral orifice and commis-
sures. In some valves one or both commissures present small 
commissural scallops, which facilitate coaptation between 
leaflets (Fig. 5.6).

Inspection of the ventricular surface of both leaflets 
reveals two distinct areas: the rough and the clear zones. The 
rough zone receives the insertion of chordae tendineae and 
presents a “corrugate” and thicker surface while the clear 
zone, lacking chordal insertion, has a smoother, thinner and 
sometime translucent appearance. Interestingly the rough 

zones on their atrial aspect correspond to the coaptation sur-
faces, i.e. the area where leaflets juxtapose each other during 
systole. The vast majority of chordal attachment is therefore 
within the coaptation area sharing the mechanical stress with 
the leaflets. The resolution power of 3D TEE does not allow 
a clear distinction between rough and clear zones (Fig. 5.7).

 Chordae Tendineae and Papillary Muscles

Chordae tendineae take origin from the tip of papillary 
muscles in a number of 6–10 and before reaching the rough 
zone of both leaflets, they split into numerous branches and 
interconnections. This chordal network ensures a balanced 
distribution of the mechanical stress. Chordae tendineae 
may be subdivided into marginal (or first order), strut (or 
second order), and basal chordae (or third order). This 
nomenclature reflects their function. Indeed, marginal 
chordae insert near the free margins of both leaflets and 
prevent eversion of leaflets during systole. Strut chordae, 
usually two in number, insert on the border between the 
rough and clear zone of the anterior leaflet. They are the 
thickest and strongest chordae and appear to ensure a sort 
of fibrous continuity between leaflet and ventricular wall, 
supporting the longitudinal contraction of the left ventricle. 
Moreover, by reducing the mobility of the lateral parts of 
the AML, these chordae determine a concave shape of the 
leaflet in diastole (favouring diastolic inflow) and a convex 
shape in systole (favouring systolic outflow). Finally, basal 
chordae originate directly from trabeculae of ventricular 
myocardium and insert only on the posterior leaflet (mainly 

Posterior
peak

AL Valley

Aortic
peak

AO

PM

PM Valley

Fig. 5.4 Digitally 
computerized reconstruction 
of the saddle-shape aspect of 
the mitral annuls with peaks 
and anterior-lateral (AL) and 
posterior-medial (PM) valleys
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on the middle scallop). The role of these chordae remains 
unclear. 3D TEE is not able to distinguish among the differ-
ent types of chordae. The best approach is probably the 
transgastric (the same view used in 2D TEE) using multi-
planar reconstruction with thick sections. This modality 
has been used to measure chordal length [6] (Fig. 5.8).

The papillary muscles (PMs) originate from the distal 
third of the ventricular wall in the posterior-medial and 
anterior- lateral position as a single entity or a group of two or 

three muscles. The original definition of Perloff and Roberts 
[1] “…single bodies emerging from the left ventricular 
wall...” is not entirely true. Indeed, CT scan has shown that 
PMs do not attach directly on the compact myocardium but 
arise from a network of ventricular trabeculations [7]. Spaces 
between trabeculae beneath the base of papillary muscles are 
visible in late diastole when the left ventricle cavity is at its 
largest. Both 2D and 3D echocardiography are able to show 
these spaces in late diastole (Fig. 5.9).

a b

c d

Fig. 5.5 The four basic perspectives of mitral leaflets. (a) An overhead 
(surgical) view showing the atrial surface of mitral leaflets and a well- 
defined image of the posterior leaflet scallops. (b) Same data set rotated 

to obtain a ventricular perspective. (c) Angled view right-to-left show-
ing the lateral commissure and P1, A1 segments. (d) Angled left-to- 
right view showing the medial commissure and A3, P3 segments

5 3DE of Normal Mitral Valve: Image Display and Anatomic Correlations
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a b

c d

Fig. 5.6 (a) 3D TEE image of the mitral valve from an overhead per-
spective showing the anterior (AML) and posterior (PML) leaflets. (b) 
Magnified image of the area in the red box of panel a showing the lat-
eral commissure. The asterisk points to a small lateral commissural 

scallop. (c) 3D TEE image of the mitral valve from a ventricular per-
spective. (d) Magnified image of the area in the red box of panel c 
showing the medial commissure. The asterisk is at the strip of commis-
sural valvular tissue connecting the two leaflets

F. F. Faletra et al.
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a b

Fig. 5.7 (a) Mitral valve from ventricular perspective. The spatial resolution of 3D does not allow a clear distinction of the rough zone (RZ) from 
the clear zone (CZ). (b) Same data set partially cropped and angulated

a b

Fig. 5.8 (a) Multiplanar reconstruction from transgastric view showing the chordae tendineae (CT) arising from the tip of papillary muscle (PM). 
(b) Same view showing the entire length of CT

5 3DE of Normal Mitral Valve: Image Display and Anatomic Correlations
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3DE Spectrum of Mitral Valve Prolapse

Francesco F. Faletra, Laura A. Leo, and Joseph F. Maalouf

 Introduction

Mitral valve regurgitation (MVR) is currently the most com-
mon disorder in developed countries affecting 2–3% of the 
general population (corresponding to nearly two hundred 
million people worldwide) [1]. Furthermore, due to aging 
and growth of the general population, the prevalence of 
MVR is likely to further increase in the coming decades.

The mechanism of MVR can be roughly classified as pri-
mary or organic, due to anatomical abnormalities of the mitral 
valve (MV) leaflets and chordae (such as degenerative, rheu-
matic, drug- induced, endocarditis, extensive annular calcifica-
tions, trauma, tumors, papillary muscle rupture in the setting 
of acute or subacute myocardial infarction) and secondary or 
functional, in which MVR is secondary to pathological remod-
eling of the left ventricle occurring in the setting of ischemic 
(i.e. adverse remodeling post myocardial infarction) or non-
ischemic (i.e. idiopathic dilatative or hypertrophic cardiomy-
opathy) left ventricular (LV) disease. According to these 
definitions, while functional MVR may effectively be treated 
with pharmacological therapy, primary MVR clearly requires 
surgery or percutaneous replacement/repair. However, it is 
important to recognize that this dichotomous classification is 
not absolute and the two types are not mutually exclusive since 
both may coexist in a “mixed etiology”. Moreover, recent data 
challenge the common belief that in secondary long-standing 

mitral regurgitation, leaflets and chordae remain completely 
normal. Indeed, stretching associated with tethering forces 
may lead to mitral leaflet remodeling which may be either 
“adaptive” (i.e. leaflet enlargement) which is supposed to 
reduce the regurgitation or maladaptive response (i.e. increased 
thickness and stiffness) that may exacerbate it.

 Carpentier’s Functional Classification

In the late 1970s, when surgical techniques of MV repair 
rather than MV replacement became available, it was clear 
that the classification of MV disease based on three main 
categories (i.e. mitral regurgitation, mitral stenosis and com-
bined stenosis and regurgitation) was no longer inclusive of 
the multiform aspects of the disease. On the other hand, a 
comprehensive categorization purely based on the descrip-
tion of the individual valve pathoanatomy would have been 
clinically inapplicable.

The Carpentier “functional” classification based on leaflet 
motion, detected either by echocardiography or by direct surgi-
cal inspection had the merit of being at the same time exhaustive 
and practical and, currently, is one of the most used classifica-
tions [2]. The philosophy behind this “functional classification” 
is simple: the primary aim of mitral valve repair is to restore 
normal function rather than normal anatomy. Accordingly, four 
functional types of lesions have been described on the basis of 
leaflet motion: normal motion (Type I), increased motion (Type 
II), and restricted motion (Type III A and B).

In Type I leaflet excursion is normal. The regurgitation is 
caused either by leaflet perforation or by annular dilatation. 
Type II includes all the morphological anomalies in which 
the cause of MVR is excessive leaflet motion (i.e. prolapse of 
one or both leaflets, rupture of chordae or papillary muscles, 
or the rare papillary muscle elongation). In Type IIIa, the 
motion of the leaflets is reduced both in systole and in dias-
tole (as in rheumatic mitral valve disease). Finally, in Type 
III b regurgitation is due to reduced motion predominantly 
during valve closure (due to the tethering of one or both leaf-
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lets) (Fig. 6.1). The following chapter will focus on type II 
and type III b valve mechanisms. Type I and type IIIa valve 
dysfunction will be described in Chaps. 7, 8, 17 and Fig. 17.3.

 Mitral Valve Prolapse

The term “mitral valve prolapse” (MVP) describes a spec-
trum of pathological conditions affecting primarily MV leaf-
lets and chordae tendineae. This condition, also called 
“degenerative” MV disease, includes different phenotypes. 
Preoperative differentiation of these phenotypes by both car-
diologists and surgeons is important because the techniques, 
surgical skills, and expertise required to achieve an effective 
and durable repair vary among these different subsets [3].

Fibroelastic deficiency (FED) was first described by 
Carpentier [4] and it is characterized by connective tissue 
deficiency due to an impaired production of collagen, elastin 

and proteoglycans resulting in thin and fragile leaflet tissue. 
The leaflets preserve their own three layers architecture but 
at surgical inspection they appear translucent (pellucid) [2]. 
The etiology of connective tissue deficiency in FED is 
unknown but it has been suggested that it may be the result 
of an accelerated ageing process. The cause of regurgitation 
is rupture of one or more primary chordae tendineae which 
usually involves the central scallop of the posterior leaflet 
(P2) but can also affect the medial (P3) or lateral (P1) scal-
lop. Patients with FED most commonly have a short history 
of MVR and symptoms appear suddenly in the sixth/seventh 
decade of life as a consequence of chordal rupture.

Barlow’s disease is a result of abnormal accumulation of 
myxomatous substance (mainly proteoglycans) in the spon-
giosa layer with consequent destruction of the three- layered 
architecture of both leaflets. The characteristic appearance is 
that of thick, bulky, redundant leaflets,  elongated chordae ten-
dineae and annular dilatation. The excess in leaflet tissue 

Type I

Type II Type II

Type I Type IIIa

Type IIIb

Fig. 6.1 Schematic representation of the Carpentier “functional classification” (see text)
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leads to the displacement of both leaflets beyond the highest 
points of the valve hinge line with malcoaptation and conse-
quent MR. This disease is generally diagnosed with echocar-
diography in early adulthood and followed up for several 
years until clinical and/or echocardiographic worsening man-
dates surgical repair/replacement. Interestingly, the term “bil-
lowing mitral leaflets syndrome” was coined after having 
seen the echocardiographic billowing of the leaflets.

Between these two well-defined entities there is a consid-
erable variety of morphological features with varying degrees 
of myxomatous degeneration affecting one or more segments 
of the valve. Adams et al. [5] described two of these “inter-
mediate phenotypic morphologies”: FED+ and “form fruste”. 
FED+ is a single scallop prolapse (as in FED), but the pro-
lapsing tissue is redundant with myxomatous degeneration. It 
has been hypothesized that FED+ may be considered a “wors-
ening stage” of FED where the regurgitant jet, over time, trig-
gers myxomatous degeneration. Such a mechanism, if true, 
leads to the hypothesis that the myxomatous changes could 
also be secondary to jet lesions. The “form fruste” phenotype 
is probably an incomplete form of Barlow affecting the valve 
only partially (usually the posterior leaflet). Notably, MVP is 
not found in newborns, and its prevalence is low among chil-
dren (0.3%), and young adults (0.6%). These findings suggest 
that MVP is a “progressive” degenerative disease affecting 
predominantly middle-aged individuals.

Finally, MVP can be defined as “non-syndromic” when 
sporadic or “familial and syndromic” MVP when it occurs in 
association with connective tissue disorders (such as Marfan 
syndrome, Ehler-Danlos syndrome, osteogenesis imperfecta, 
pseudoxanthoma elasticum and others).

A variable range of symptoms such as atypical chest pain, 
exertional dyspnea, palpitations, syncope, and anxiety and 
also several clinical findings (low blood pressure, slender 
habitus, and electrocardiographic repolarization abnormali-
ties) have been associated with MVP and this constellation is 
called “MVP syndrome”.

 Echocardiographic Assessment

 Rest Two-Dimensional Transthoracic 
and Transesophageal Echocardiography

In the early days of 2D transthoracic echocardiography (2D 
TTE), the diagnosis of MVP was made so frequently that its 
prevalence reached 35% of patients undergoing 2D TTE, thus 
gaining the reputation of “epidemic”. This over- diagnosis 
was due to the erroneous assumption that the hinge line of 
mitral leaflets, i.e. the mitral annulus (MA), was planar. Thus, 
any echocardiographic cross section showing an excursion of 
leaflets superior to plane of the MA was considered patho-
logical. In the 1980s Robert Levine et  al. [6] redefined the 
tridimensional architecture of the MA, as a saddle-shaped 

configuration: concave upward anterior and posterior, and 
concave downward medial and lateral [6]. With this saddle 
shape annular geometry, leaflet excursion in the four-chamber 
view goes beyond the plane of the MA, creating the false 
appearance of prolapse. In this chapter we continue to refer to 
the mitral hinge line (i.e. the line at which the leaflets open 
and close) as MA. Indeed in the original paper of Levine et al. 
[6], the saddle-shaped architecture was based on hinge points 
and not on the anatomical fibrotic annulus. On the other hand, 
according to anatomists, a MA defined as a continuous ring of 
connective tissue does not exist, being formed by sparse 
fibrous strings on its posterior aspect and by a band of con-
nective tissue (the mitral aortic curtain) in its anterior aspect 
(see Chap. 5 normal anatomy of the MV).

Nowadays two-dimensional (2D) transthoracic echocar-
diography (TTE) is the first line imaging technique for evalu-
ating patients with degenerative MV disease. The 2D TTE 
criteria of MVP have been defined several years ago as a pro-
trusion of >2 mm beyond the long axis antero-posterior hinge 
line plane. Prolapse associated with a leaflet thickening 
greater than 5 mm is termed “classic” prolapse, whereas pro-
lapse with lesser degrees of leaflet thickening is regarded as 
“non-classic” prolapse. Importantly, TTE is used as a primary 
tool for a comprehensive assessment of patients with MVP, 
providing data on the pathoanatomy of the valve, the severity 
of regurgitation according to various methods, the left atrium 
(LA) and left ventricle (LV) dimensions and function, systolic 
pulmonary pressure and the size and function of the right ven-
tricle (RV). Most of these echocardiographic parameters have 
a relevant prognostic impact. 2D transesophageal echocar-
diography (TEE) is generally used to better define the type of 
lesion, precisely identifying the prolapsing MV segment/s. 
Several cross-sectional TEE planes, intersecting different 
segments of the valve, have been described and standardized. 
In experienced hands a systematic approach (including long 
axis, two-chamber, four-chamber, trans-gastric short and long 
axis and off-axis sections) allows accurate description of the 
pathoanatomy of MVP (Fig. 6.2).

Until few years ago, 2D TEE was considered the most 
advanced technique to visualize degenerative MV disease 
and currently remains an indispensable tool for cardiolo-
gists and anesthesiologists in the setting of surgical (and 
nowadays percutaneous) mitral valve repair. However, 
some limitations of 2D TEE must be recognized. First, 
being a tomographic technique, 2D TEE is unable to pro-
vide a picture of the entire valve in one image. Thus, small 
lesions, especially those located near the commissures, 
may not be recognized [6]. Secondly, given the anatomical 
variants, visualization of one prolapsing segment in a given 
cross- section may not necessarily correspond to what we 
expect to see in that specific cross-section (for instance a 
large P3 prolapse can occasionally be intersected by the 
long axis view plane and misinterpreted as a P2 prolapse). 
Third, the same misinterpretation may also occur when a 
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given cross-section plane foreshortens the left ventricle. 
Finally, reconstructing a mental 3D image based on the 
interpretation of multiple 2D cross-sections may be diffi-
cult, especially in the case of complex morphologies.

 Three-Dimensional Transesophageal 
Echocardiography

Real-time three-dimensional (3D) echocardiography (3DE), 
initially applied to TTE and shortly thereafter to TEE, 
became available in the clinical arena almost 10 years ago. 
Since the very beginning, it was clear that 3DE, and espe-
cially 3D TEE, would become the ideal imaging technique 
for the MV, providing real time 3D images of extraordinary 

quality. This quality is achieved by an ideal, nearly perpen-
dicular angle of incidence of the pyramidal beam to the 
mitral leaflets, as well as a short distance between the trans-
esophageal transducer and the MV. For the first time it was 
possible to obtain “real-time” images of the MV with a visual 
perspective identical to the surgeon’s view (aorta at 11–12 
o’clock position) [7]. This so-called “surgical view” is the 
most intuitive and it was the first perspective historically to 
be reconstructed and analyzed. This view can be obtained by 
any echocardiographic cross-section that permits a full visu-
alization of the MV (typically the horizontal four-five cham-
ber view, long axis or bi-commissural view). Once the 
volumetric data set is acquired, the surgical view is obtained 
by rotating the image so that the aorta is at 11–12 o’clock 
and the left atrial appendage at 9–10 o’ clock. From this per-

a b

c d

Fig. 6.2 (a) Two-dimensional transthoracic echocardiography in long 
axis view showing a classic prolapse of posterior leaflet in (a) diastole 
and (b) systole. The double-headed arrow in panel a delineates the 
length of the posterior leaflet. The arrows in panel b shows protrusion 
of the posterior segment beyond the hinge line (dotted line). (c) Two- 

dimensional transesophageal echocardiography in long axis view 
(approximately 120°) showing a flail middle segment of the posterior 
leaflet. The arrow points to the ruptured chorda (arrow). (d) Same 
image with color Doppler showing a large flow convergence area 
(arrows)
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spective many details of valve pathology can be seen in vivo. 
In general, it can be said that this view allows visualization 
of almost any anatomical and functional data necessary for a 
comprehensive assessment of MVP (Fig. 6.3a).

 Angled Views

Direct inspection of the MV in the surgical theater is limited to 
the view from above through the left atrium. In contrast, with 
3D TEE, once the volumetric data set has been acquired, the 
valve can be viewed from a countless number of perspectives. 
Any segment of the mitral leaflets can therefore be analyzed 

independently from the vantage point which best shows the 
morphology (we call this approach “segment- oriented 
approach”). Over the years the use of the “non- surgical views” 
and in particular of the so called “angled or tangential views” 
have become widespread [8]. In fact, these “off axis” nonsur-
gical views have been shown to provide additional data in 
comparison to the surgical perspective alone. They may, for 
instance, better clarify the degree of protrusion above the 
annular plane (Fig.  6.3b, c) or show “de novo” secondary 
lesions. In particular an anterior perspective provides a picture 
of the anatomic regurgitant orifice seen “en face” (Fig. 6.3d).

To understand why angled or tangential views may occa-
sionally be more informative, we must remember the modal-

b

c d

a

Fig. 6.3 (a) Barlow’s disease with flail A2 and multiple chordal rup-
tures (yellow arrows). (b, c) Tangential medial to lateral (b) and lateral 
to medial (c) views showing the degree of protrusion into the left atrium 

(white arrows). (d) Tangential anterior view showing the anatomical 
regurgitant orifice (asterisk). AML, anterior mitral leaflet; PML, poste-
rior mitral leaflet
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ity by which 3D echocardiography allows a three-dimensional 
perception of an image projected on a 2D screen. In the most 
common display modality, the dual-color vision bronze/blue 
map, a specific algorithm that “illuminates” the valve with a 
fixed source of light is generated in proximity to the observ-
er’s head. Thus, structures closer to the observer appear 
brighter than structures located in a deeper plane. In the “sur-
gical view”, prolapsing segments moving in systole towards 
the observer appear therefore, brighter with a mixture of 
beige/yellow/white. Conversely, surrounding non-prolapsing 
segments, remaining at a deeper level, appear darker with a 
mixture of bronze/brown/blue. The surgical view has been 
shown to be very effective in identifying large prolapsing 
segments where the differences in shades are evident and 
easily appreciated. However, this difference may be less pro-

nounced when the prolapse is small or is a secondary lesion 
close to the primary lesion. Conversely, in angled or tangen-
tial views the same algorithm produces shadows beyond the 
prolapsing segments, therefore enhancing their edges and 
making them visible. It is not surprising, therefore, that mul-
tiple studies have shown that, when compared with surgical 
data, 3D TEE is superior to 2D TEE in defining the multi-
form pathoanatomy of the MV. Moreover, there is now avail-
able a new volume rendering algorithm that uses a freely 
movable source of light, and is able to “illuminate” the MV 
from different perspectives. Particularly informative are 3D 
images obtained with the source of light located tangentially 
or beyond the valve leaflets. This new modality certainly will 
improve the identification of minor anatomical abnormalities 
(Fig. 6.4).

a b

c d

Fig. 6.4 (a, b) 3D TEE showing prolapse of the central segment of the 
posterior leaflet (P2) visualized with a new algorithm which uses a 
freely movable source of light. Candles indicate the source of light. In 

panel a the image is “illuminated” from the right and in panel b from 
the left. (c, d) 3D TEE showing a flail P2 with multiple ruptured chor-
dae that appear as finger like projections
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 Acquisition of the 3D Data Set

The “dynamic” nature of prolapse/flail requires an imaging 
technique capable of a high spatial resolution (to identify 
fine morphological details of the valve) and a high temporal 
resolution (to allow an accurate frame-by-frame analysis). 
As discussed in Chap. 1, spatial resolution is a function of 
scanning density and temporal resolution is a function of 
scanning density and 3D volume size. Therefore, the nar-
rower the acquired pyramidal data set, the higher the tempo-
ral resolution while maintaining or improving spatial 
resolution. There are two ways to acquire the MV volumetric 
data set. The first is single beat or real time which may be 
limited by the need to acquire a large pyramidal data set to 
encompass the entire MV, hence reduced temporal resolution 
with volume rates that may not exceed 10 volumes/s. The 
newly available 3D TEE platforms improve the volume rate/
volume size ratio so that the entire MV can be acquired in a 
single beat volume rate of 20–24 volumes/s or much higher, 
but not infrequently at the expense of reduced spatial 
resolution.

The second is multi-beat acquisition that uses ECG-gating 
to capture narrow consecutive sectors up to six sequential 
cardiac cycles. Although the final images are not in “real- 
time” (the last sector is acquired five beats after the first) and 
may suffer from “stitching” artifacts (i.e. incorrect juxtaposi-
tion of sectors) due to respiration, irregular heart rhythm, or 
any transducer/patient movement, the multi-beat ECG gating 
acquisition being a summation of up to six sectors, remains 
the best modality to encompass a large volumetric data set 
such as that of the mitral valve while maintaining the highest 
temporal and spatial resolution equivalent to those obtained 
with a narrow sector acquisition. Finally, multi-beat acquisi-
tion can display 3D color Doppler with an acceptable vol-
ume/rate (up to 25–30  images/s), though in a typically 
narrower volume.

 Quantitative Data

Generally, the pathoanatomy of degenerative MVR relies on 
qualitative description. Recently, a convincing amount of 
data has shown that a quantitative analysis of valve morphol-
ogy may play a major role. Dedicated quantitative software 
can digitally reconstruct a precise three-dimensional para-
metric map of the entire valve with quantitative important 
parameters such as the circumference of the annulus, the 
height of its saddle-shaped configuration, the height, length, 
areas, and volumes of prolapsing tissue and the length of the 

chordae making 3D TEE probably the most complete and 
accurate imaging technique for the diagnosis of degenerative 
MVR. Moreover, 3D quantitative parameters may anticipate 
the complexity of valve repair and predict complex repair 
success. Because MV measurements are obtained by track-
ing the hinge line in cross section and the leaflets in 2D slices 
(derived from 3D data sets), this modality is, theoretically, 
the most reliable and reproducible quantitative method over-
coming limitations of a visual interpretation/description. 
Indeed, the use of this multi-parametric map has been shown 
to improve the accuracy and reliability among novice read-
ers, when compared with 2D echocardiography or visual 3D 
assessment. Finally, quantitative parameters (such as height, 
area and volume of prolapsing tissue) may differentiate nor-
mal findings from FED and from Barlow. New systems such 
as automated modeling of the valve may further improve 
quantitative analysis (Fig. 6.5).

 Advantages of 3D TEE

Notwithstanding the merits of 2DTEE, 3D TEE further 
“refines” the diagnosis of MVP. The potential advantages of 
3D TEE over 2D TEE are listed below:

 (a) Any P2 prolapse appears unique and differs from any 
other owing to its width, length, site (more lateral or 
more medial). While these differences among P2 pro-
lapses are easily visible with 3D TEE, they are not as 
appreciated with 2D TEE (Fig. 6.6).

 (b) Secondary lesions near the main prolapsing area (such as 
deep cleft, or minor prolapse) which, if not recognized, 
may complicate surgical repair, are more likely to be 
detected with 3D than with 2D TEE.  Moreover, since 
these “minor” dynamic prolapses are non-redundant and 
appear at the end of systole, they are easily missed by the 
surgeon in a still and flaccid heart. Notably, these lesions 
if not treated may deteriorate over time, thus becoming 
the cause of repeat surgery (Fig. 6.7).

 (c) 3D TEE allows for easier distinction as compared to 2D 
TEE between an “ideal” pathoanatomy (i.e. single 
 scallop prolapse/flail, tissue exuberance, absence of 
annular calcification, moderate annular dilation), a 
“challenging” pathoanatomy (i.e. FED, Barlow’s dis-
ease, anterior leaflet flail), and a “very challenging” 
pathoanatomy (i.e. bileaflet prolapse, extensive posterior 
calcifications). These distinctions are of paramount rel-
evance in planning mitral valve repair or replacement 
(Fig. 6.8).
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 “Malignant” MVP

Since Barlow’s seminal paper in 1966 [9], MVP has been 
suspected of being more than a benign entity. Severe mitral 
valve regurgitation, infective endocarditis, cerebrovascular 
events, and arrhythmias have been reported as major compli-
cations. Notably, in some patients MVP is associated with 
complex ventricular arrhythmias even in the absence of sig-
nificant regurgitation. Arrhythmic MVP may be associated 
with a higher risk of sudden cardiac death (SCD) than 
patients with non-arrhythmic MVP.

These MVP complications were first emphasized by 
Devereux [10]. In 1988 Duren et al. [11] performed a pro-
spective long term follow up of 300 patients with MVP and 
found several complications occurring in 100 patients (one/
third of the population). Forty-seven percent of patients suf-

fered from ventricular arrhythmias, 24% underwent mitral 
valve surgery, 15% suffered from infective endocarditis, 9% 
of cerebrovascular events and 2.5% died suddenly. Grigioni 
et  al. [12] in a large cohort of patients with severe mitral 
regurgitation due to flail mitral leaflet followed conserva-
tively, found that sudden cardiac death was relatively fre-
quent (1.8% per year).

The perception that MVP is a perilous disease was chal-
lenged by Freed et al. [13] who found, in the Framingham 
Heart study, that MVP had a more benign profile than 
 previously believed. More recently, Nordhues et  al. [14] 
found that MVP is associated with ventricular arrhythmias, 
but not with an increased risk of cardiac arrest, ventricular 
fibrillation or ICD implantation.

From these data it seems reasonable to conclude that in 
the general population MVP can be considered a “benign” 

a b

c d

Fig. 6.5 (a–c) Quantitative software showing a precise three- dimensional 
parametric map of the entire valve with quantitative parameters such as the 
circumference of the annulus, the height of its saddle-shaped configura-

tion, height, length, area, and volume of prolapsing tissue. (d) Automated 
quantitative modeling (see text). A, anterior; AL, anterolateral commis-
sure; Ao, aorta; P, posterior; PM, posteromedial commissure
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entity. However, a small but notable percentage of patients 
may develop complications including malignant arrhyth-
mias and SCD. From the beginning, cardiologists focused 
their attention on specific patho-morphologic characteristics 
of the valve that could be associated with severe hemody-
namic, infective, embolic and arrhythmic complications. 
Nishimura et al. in 1985 [15] noticed that in 97 patients with 
redundant leaflets, 10 suffered from major complications 

[sudden death (6), infective endocarditis (3) and cerebral 
embolic events (1)], while among 140 patients without 
redundant leaflets only 1 suffered from cerebral embolic 
events. They concluded that most patients with echocardio-
graphic evidence of MVP had a benign course, but a subset 
of patients with redundant leaflets (i.e. leaflets longer and 
thicker than normal) were at risk of the above-mentioned 
complications. The “redundancy” of mitral leaflets as a risk 

a b

c d

Fig. 6.6 (a–d) Four different P2 prolapse (see text). Ao, aorta
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factor for MVP complications was confirmed by Marks 
et al. in 1989 [16] using 2D echocardiography. They found 
that patients with bileaflet prolapse with redundant leaflets 
were at higher risk of complications than those without 
these patho- morphological features. More recently Sriram 
et al. [17] confirmed the presence of leaflet redundancy in 
patients with otherwise idiopathic out-of-hospital cardiac 
arrest. The authors described a “phenotype” associated with 
cardiac arrest: young woman with bileaflets MVP, biphasic 
or inverted T waves in the inferior leads and evidence of 
complex ventricular arrhythmias. While the association 
between MVP with leaflet redundancy (in other words 
Barlow’s disease) and hemodynamic derangements (due to 
ruptured chordae tendinea and severe mitral regurgitation), 
infective endocarditis or embolism could be expected, the 
relation between such echocardiographic features and 
arrhythmias is still unclear although recently new data have 
become available (see below).

In 1992, Sanfilippo et al. [18] first hypothesized a connec-
tion between MVP and arrhythmias. They observed that 
MVP leads to a pathological “traction” on the papillary mus-
cle and this traction may cause ischemia and electrical insta-
bility. This hypothesis was disregarded by cardiologists for 
several years. In 2008 Han et al. [19] studied patients with 
MVP with the aid of cardiovascular magnetic resonance and 
discovered late-gadolinium enhancement (LGE) at the tip of 
the papillary muscles (PMs) that was consistent with scar 
tissue. Notably, in their study the presence of scar tissue at 
the tip of the PMs was often present in a subgroup of patients 
with complex cardiac arrhythmias. Thus, the stretch-induced 

ischemia hypothesized by Sanfilippo, may over time cause 
fibrosis, a well-known trigger for arrhythmias.

In a pathological study from 1986 based on the analysis of 
900 hearts, Hutchins et  al. [20] described an anomalous 
attachment of the posterior leaflet directly on the atrial wall 
in 23 out of 25 patients with bileaflet MVP and leaflet redun-
dancy. They called this anatomical variation mitral annulus 
disjunction (MAD). In this particular anatomical arrange-
ment, the normal anatomical atrial-valvular-ventricular junc-
tion is lost and the insertion of the posterior leaflet takes 
place directly on the atrial wall (atrial-valvular junction). 
The space between the hinge line of the posterior leaflet and 
the crest of the ventricular wall consists of fibrotic tissue that 
is stretched and curtain-like. After being ignored for almost 
30 years, MAD was rediscovered recently by Marra et  al. 
[21] in patients with arrhythmic MVP. This study extended 
the observations of Hans showing in the majority of these 
patient’ small amount of fibrosis on the posterior basal left 
ventricular wall along with that on PM’s tips.

Marra hypothesized a link between mitral valve prolapse 
associated with MAD, arrhythmias and scar tissue: the pro-
lapsing myxomatous leaflets present a greater than normal 
surface area and a loss of coaptation surface, thus permitting 
an excessive pressure stress on the chordal apparatus, papil-
lary muscles and basal posterior LV wall. Consequently, the 
tip of the papillary muscles as well as the posterior left ven-
tricular wall are exposed to excessive traction with subse-
quent ischemia and fibrosis. Interestingly, in a recent 3D 
TEE study Lee et al. [22] demonstrated that MAD is more 
pronounced at the lateral and central segments of the annu-

a b

Fig. 6.7 (a) P2 flail with a secondary small prolapse laterally to the main lesion (arrow). (b) Cleft (arrow) adjacent to a P2 prolapse (see text)
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a b

c d

Fig. 6.8 (a) Ideal pathoanatomy: flail P2 with moderate tissue redun-
dancy. The arrow points to a ruptured chorda tendinea. (b) A challeng-
ing pathoanatomy: Barlow’s disease with rupture of multiple chordae 
(arrow). (c, d) Very challenging pathoanatomy: flail P2, A2 prolapse 

with scarce tissue redundancy, (c) Extensive annulus calcification 
(asterisks) (d). AML, anterior mitral leaflet; PML, posterior mitral leaf-
let; Ao, aorta

lus, thus leading to a paradoxical annular expansion in late 
systole, thus exacerbating MVR. This paradoxical motion of 
the leaflet’s hinge line is perfectly comprehensible in that the 
leaflet is attached to the atrial wall that is well known to 
expand in systole (Figs.  6.9 and 6.10). Recently, an old 
hypothesis by Angelini et al. [23] that MAD is also present in 

individuals without prolapse was confirmed by Dejgaard 
et al. [24] Interestingly, they found that in patients with MAD 
without associated prolapse, the rate of malignant arrhyth-
mias was higher than in patients with MAD associated with 
prolapse, supporting the intriguing hypothesis that MAD 
itself may be a generator of arrhythmias.

6 3DE Spectrum of Mitral Valve Prolapse
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a b

c d

Fig. 6.9 (a) 3D TEE cropped image in “oblique” long axis view. (b) 
Magnified image (red square in panel a) showing mitral annulus dis-
junction (MAD). (c, d) Same patient. Oblique two-chamber view. The 

tissue space separating the atrial-valvular junction from the crest of the 
ventricular wall is made of fibrotic tissue, that is stretched and curtain- 
like (dotted line)

F. F. Faletra et al.
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a b

c d

Fig. 6.10 (a) Still frame of cardiac magnetic resonance (CMR) cine 
imaging in long axis view showing prolapse with mild regurgitation 
(arrow). (b) Magnified image of the red box in panel a, showing the 
mitral annulus disjunction (MAD, curved dotted line). (c) CMR Late 

gadolinium enhancement (LGE) showing the presence of fibrosis 
(arrow) in the basal portion of the left ventricle and (d) at the tip of both 
papillary muscles
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Rheumatic Mitral Valve Diseases 
and Mitral Annular Calcification: Role 
of 3DE

Joseph F. Maalouf and Francesco F. Faletra

 Introduction

Rheumatic mitral valve stenosis (MS) remains the most 
common valvular heart disease in developing countries [1]. 
Rheumatic heart disease (RHD) can also cause mitral regur-
gitation (MR) [1–3]. Echocardiography remains the main 
imaging modality for the diagnosis of RHD and to guide 
management. Commissural fusion is the main mechanism of 
rheumatic MS [1–3] (Fig. 7.1). Associated lesions are chordal 
shortening and fusion, and leaflet thickening [1–3] (Fig. 7.1). 
Mobility of the posterior mitral leaflet is reduced whereas 
mobility of the anterior leaflet is often preserved, but may be 
restricted due to superimposed calcification at a later stage in 
the disease [3] (Fig. 7.2). Echocardiography-Doppler tech-
niques for assessment of MS severity include the mean gra-
dient (MG) and both indirect and direct measurements of the 
mitral valve (MV) orifice area [4]. Although Doppler derived 
mitral MG is a reliable measure of MS severity in absence of 
significant regurgitation, it is highly dependent on the trans-
valvular flow and diastolic filling period and will vary greatly 
with changes in heart rate [1, 2, 4]. Indirect measurement of 
the MV orifice area using Doppler derived pressure half time 
(PHT) is heavily influenced by hemodynamic variables 
including changes in atrial and ventricular compliance [1, 4], 
and is not reliable in presence of more than mild aortic regur-
gitation, atrial septal defect or post mitral balloon valvulo-

plasty [1, 4]. Moreover, the continuity equation for 
assessment of MS severity has limited accuracy and repro-
ducibility and the PISA method is technically demanding 
[1]. Accordingly, direct measurement of the MV orifice has 
emerged as the preferred method for assessment of rheu-
matic MS severity with a valve area less than 1.5 cm2 denot-
ing clinically severe MS [5, 6] and a valve area less than 
1  cm2 denoting very severe MS [5] according to the most 
recent valve guidelines.

 Rheumatic MS

Rheumatic MS is characterized by a funnel like narrowing of 
the MV orifice such that the narrowest orifice is at the tip of 
the mitral leaflets [1, 2, 7, 8]. With 2DE, the narrowest MV 
area is identified by slowly scanning from the papillary mus-
cles towards the base of the heart in the transverse plane 
(parasternal short-axis view) [1] in order to visualize the nar-
rowest valve orifice at the tip of the leaflets. The inner edge 
of the MV orifice is then traced in mid diastole [1]. A major 
limitation of this method is having the correct image plane 
orientation [1, 2, 7, 8]. High gain settings may also lead to 
underestimation of the MV area (MVA) [1]. Compared with 
other 2D echocardiography (2DE) MS assessment tools, pla-
nimetry has been shown to have the best correlation with 
anatomic MVA as assessed by explanted valves [1], but pla-
nimetry using 2DE tends to overestimate the MVA compared 
with 3D echocardiography (3DE) planimetry measurements 
[1] especially in patients with large left atria [1]. 3DE enface 
left ventricular (LV) views of the entire MV apparatus 
(Figs. 7.2 and 7.3) provide better alignment of the transverse 
2D image plane with the mitral leaflet tips particularly on 
multiplanar reconstruction of the 3D volumetric data sets [1, 
2, 7, 8] (Figs. 7.2 and 7.3). Compared with 2DE, 3DE MVA 
measurements are therefore, more accurate and reproduc-
ible, and post mitral balloon valvuloplasty, 3DE MVA mea-
surements have the best correlation with invasively 
determined MV area [1].
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Percutaneous mitral balloon valvuloplasty (PMBV) 
remains the preferred treatment option for selected 
patients with rheumatic MS [1]. Chronic inflammation of 
the mitral valve leaflets as a result of rheumatic fever 
causes progressive leaflet thickening, calcification, com-
missural and chordal fusion [1] (Fig. 7.4). In absence of 
more than mild MR, these pathomorphological features 
are the basis for evaluation of suitability for PMBV by 
several echocardiography based scoring systems [1]. 
Anwar et al. [9], introduced a score based on real-time 3D 
transthoracic echocardiography (TTE) for the assessment 
of patients with MS before PMBV. This score includes the 
evaluation of both mitral leaflets and the subvalvular 
apparatus, and is both feasible and highly reproducible 
with good interobserver and intraobserver agreement in 
the assessment of MV morphology in patients with 

MS. Predictors of optimal PMBV results by the 3D scor-
ing system are leaflet mobility and involvement of the 
subvalvular apparatus [1, 9]. The incidence and severity 
of post-procedural MR are associated with a high 3DE 
calcification score [1, 9].

Commissural splitting is the main mechanism of PMBV 
[1–3] (Fig.  7.4). Commissural calcification (Fig.  7.4) is a 
strong predictor of adverse PMBV outcomes including 
occurrence of severe MR, and severe or bicommissural calci-
fication are contraindications to PMBV [1]. In addition to its 
incremental value over 2DE in assessing rheumatic MV ste-
nosis severity, 3DE is better at assessment of the mitral com-
missures including extent of commissural thickening and 
detection of commissural calcification [1]. 3DE is therefore, 
the method of choice for assessment of impact of balloon 
valvuloplasty on the MV [1, 8, 10].

a b

c d

Fig. 7.1 3DE in MS. Top panel: 2D short-axis MV (a) in a patient 
with MS and RT 3D of same 2D view (b) for comparison. Yellow 
arrows point to lateral commissure and red arrows point to medial com-
missure. Bottom panel: RT 3D Zoom TEE enface LA (c) and LV (d) 
views from same patient. Note the fused and thickened medial (green 
arrows) and lateral (dark blue arrows) commissures. Light blue arrows 

point to thickened PML and red arrows point to thickened AML. Used 
with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved. A, anterior; AML, anterior mitral leaflet; 
AV, aortic valve; I, inferior; L, lateral; LA, left atrium; LV, left ventricle; 
M, medial; MS, mitral stenosis; MV, mitral valve; P, posterior; PML, 
posterior mitral leaflet; RT, real time; S, superior
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Echocardiography plays a central role in guiding PMBV 
in the cardiac catheterization laboratory [1], and the trans-
septal puncture is usually guided using biplane imaging 
such as x-Plane (Philips Healthcare). Successful PMBV is 
contingent on achieving complete splitting of the commis-
sures [1]. 3DE allows for enface imaging of the MV during 
balloon inflation (Fig.  7.5), and for rapid assessment of 
procedural success including extent of commissural split-
ting and MV area [1] (Fig. 7.6). Anatomic assessment of 
the results of valvuloplasty using 3DE is preferable to 
measuring mitral gradients because of the altered hemody-
namic milieu due to general anesthesia or heavy sedation 
[1]. Real time 3DE can also guide positioning of the bal-
loon away from chordal structures prior to balloon infla-
tion [1]. Leaflet calcification including distribution of 
calcium is also better visualized with 3DE [1]. The pres-

ence of calcification can help predict adverse outcomes 
such as embolic stroke or conduction abnormalities [1]. A 
main concern during PMBV is worsening mitral regurgita-
tion which may be caused by leaflet tear that is readily 
appreciated on 3D [1]. Guide-wires, catheters and devices 
used during the procedure may also be better appreciated 
on 3DE [1] particularly 3DTEE. Complications of PMBV 
include perforation of LA free wall, left atrial appendage, 
pulmonary veins, ventricular wall and aortic root. These 
complications can be diagnosed using real time (RT) 3DE 
[1]. In patients who develop restenosis following PMBV, 
3DE can determine whether the mechanism of restenosis is 
commissural refusion or valve rigidity with persistent 
commissural splitting [2]. This is critical, because whereas 
repeat PMBV may be attempted for the former, it is of no 
use for the latter [2].

a

c d

b

Fig. 7.2 3D TTE for assessment of MS severity. Top panel: (a) 3D 
guided placement of 2D tomographic plane using iCrop (Philips 
Healthcare) at tips of MV leaflets for accurate delineation of narrowest 
MVO in a patient with rheumatic MS. (b) Planimetry of 3D guided MV 
orifice area using on line calipers. Note that the validity of on line cali-
pers for 3D measurements has been validated against calibrated phan-
toms. Bottom panel: MPR (GE Healthcare) of 3D MV short-axis 

volumetric data set (c) using three 2D tomographic planes (white, yel-
low and green arrows) to obtain the narrowest MV orifice area (d). Note 
the calcified AML(white arrows). Orange arrows point to PML. Used 
with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved. AML, anterior mitral leaflet; MPR, mul-
tiplanar reconstruction; MS, mitral stenosis; MV, mitral valve; MVO, 
mitral valve orifice; PML, posterior mitral leaflet
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Acute mitral valvulitis [11] is a serious complication of 
rheumatic fever carditis. On echocardiography, the mitral 
leaflets are abnormally thick with restricted opening and 
incomplete leaflet closure in systole that can result in 
severe MR [11] (Fig.  7.7). Chronic rheumatic MR 
(Fig. 7.7) is characterized by a fixed posterior leaflet and 
anterior leaflet override resulting in a posteriorly directed 
jet of MR [1, 3]. In patients with predominantly rheumatic 
MR, the vena contracta anatomic regurgitant orifice area 
can be measured on 3DE using multiplanar reconstruction 
[12] (Fig. 7.8, see Chap. 3). The mitral valve has a saddle-
shaped, nonplanar annulus and displays variation in size 

and shape during the cardiac cycle. RT3DE can also distin-
guish the differences in annular shape and function in vari-
ous types of MR [2, 4].

 Mitral Valve Disease Secondary to Mitral 
Annular Calcification

Mitral annular calcification (MAC) is a chronic degenerative 
process that, when severe, can result in MS and/or mitral 
regurgitation (MR) [13]. The prevalence of significant MS 
due to severe MAC is increasing in the developed world due 

a

c d
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b

Fig. 7.3 (a) Live FV 3D TEE enface LA view of rheumatic MS. (b) 
MPR (3DQ, Philips Healthcare) with alignment of the blue line (trans-
verse plane) at tips of the MV where the orifice is narrowest in both the 
coronal (green rectangle) and sagittal (red rectangle) planes and orthog-
onal to these two planes (i.e. green and red lines). The resulting MV 
orifice can be seen in the transverse plane at bottom left (blue rectan-
gle). (c, d) Magnified images of the coronal (c) and sagittal (d) planes 

seen in MPR. (e) Magnified image of the MV orifice obtained using 
MPR. (f) Planimetry of the MV orifice using the measurement package. 
Used with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved. A, anterior; AML, anterior mitral leaflet; 
FV, Full Volume; L, lateral; LA, left atrium; M, medial; MPR, multipla-
nar reconstruction; MS, mitral stenosis; MV, mitral valve; P, posterior; 
PML, posterior mitral leaflet

J. F. Maalouf and F. F. Faletra



99

a b

c d

Fig. 7.4 3D TTE parasternal short-axis views of commissures in MS. 
Top panel: (a) symmetrical thickening of the medial (orange arrow) 
and lateral (white arrow) commissures. Note the thickened leaflets 
(PML; yellow arrow and AML; green arrow). (b) Calcified medial com-
missure (red arrow; white arrow points to lateral commissure). Bottom 
panel: Post PMBV. (c) Splitting of the lateral commissure (white 
arrow). Red arrow point to medial commissure. (d) Splitting of the 

medial commissure (white arrow). Yellow arrow points to lateral com-
missure. Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. A, anterior; AML, anterior 
mitral leaflet; L, lateral; M, medial; MS, mitral stenosis; P, posterior; 
PML, posterior mitral leaflet; PMBV, percutaneous mitral balloon 
valvuloplasty

a b

Fig. 7.5 3D TTE during PMBV. (a) Enface LV view showing balloon 
catheter (dark blue arrow) being advanced through the MV. Red arrow 
points to AML. (b) Apical view showing Inoue balloon inflation (dark 
blue arrows). Used with permission of Mayo Foundation for Medical 

Education and Research. All rights reserved. A, anterior; AML, anterior 
mitral leaflet; L, lateral; LA, left atrium; LV, left ventricle; M, medial; 
MV, mitral valve; P, posterior; PMBV, percutaneous mitral balloon 
valvuloplasty
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to the growing population of elderly patients and risk factors 
such as hypertension, renal failure, and radiation heart dis-
ease [3, 13]. Although MAC is typically confined to the 
mitral annulus and the base of the leaflets, over time calcific 
degeneration tends to further expand into the body of both 
leaflets resulting in impaired leaflet mobility and geometric 
distortion of the mitral valve [3, 13]. These anatomic changes 
typically lead to development of both MS and MR. Either 
lesion may be dominant in a given patient, but more com-
monly there is mixed disease [3]. When MS or MR become 
severe, heart failure symptoms including dyspnea and exer-
cise intolerance may ensue. Important distinctions compared 
to rheumatic MS is that in MS due to MAC, there is lack of 
commissural fusion and the narrowest valve area is usually at 
the mitral inflow orifice [1, 3]. PMBV is therefore, not 
 suitable for mitral stenosis due to MAC.

The enface atrial and ventricular views of the MV on 3DE 
(Figs. 7.9, 7.10 and 7.14) provide the best information for 

topographical description of the MV including direct visual-
ization of the extent and magnitude of MAC. Assessment of 
MS severity due to MAC with conventional echo-Doppler 
methods used to evaluate rheumatic MS is either not possible 
or not reliable. Direct planimetry with 2DE is very challeng-
ing and the pressure half-time method in this setting has lim-
ited utility in estimating the MVA. Planimetry of MVA using 
multiplanar reconstruction of the 3D volumetric data set is 
feasible in the majority of patients [13] (Figs. 7.11 and 7.13). 
By lowering the gain settings, 3DE and in particular 3D TEE 
also allows direct visualization of the circumferential extent 
of MAC (Figs. 7.9 and 7.10) which is important for deter-
mining the feasibility of a valve-in-valve procedure (see 
Chap. 30). 3D TEE is also excellent for detection and quan-
titation of MR [12] (Fig. 7.11), as the probe is located just 
behind the left atrium, with unimpeded views.

Quantitative 3DE also provides new insights into the 
dynamic consequences of MAC [14] (Fig.  7.12), and in 

a b

c d

Fig. 7.6 3D TTE MS before and following PMBV. Top panel: pre 
PMBV images. (a) MPR showing thickened but intact commissures 
(white arrows). (b) MVA 1.4 cm2 on planimetry of MV orifice in mid- 
diastole. Bottom panel: (c) post PMBV MPR showing bilateral com-
missural splitting (dark blue arrows) following mitral balloon valvotomy 
with a 26 mm Inoue balloon. (d) MVA increased to 2.2 cm2. The mean 

left atrial pressure dropped from 27 to 6 mmHg. Used with permission 
of Mayo Foundation for Medical Education and Research. All rights 
reserved. MPR, multiplanar reconstruction; MS, mitral stenosis; MV, 
mitral valve; MVA, mitral valve area; PMBV, percutaneous mitral bal-
loon valvuloplasty
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a b

c d

e f

Fig. 7.7 3DE rheumatic MR. Top panel: 3D TEE in acute valvulitis. 
LA and LV dual layout views in diastole (a) and systole (b). Note the 
lack of commissural thickening (arrows) and incomplete leaflet coapta-
tion in systole. Middle panel: 3D TTE MV in a patient with RHD and 
chronic MR. (c) End diastole. Note the thickened AML (red arrow) and 
thickened medial (yellow arrow) and lateral (white arrow) commis-
sures. (d) Early systole(white arrow) showing leaflet malcoaptation 
(dark blue arrow). Red arrow points to AML and green arrow points to 
PML. Bottom panel: same patient: (e) persistent leaflet malcoaptation 

(dark blue arrow) in late systole (white arrow). (f) CFD late systole 
(white arrow) showing a posteriorly directed jet of MR (yellow arrow). 
On 2DE, the PML was immobile with AML override. Used with per-
mission of Mayo Foundation for Medical Education and Research. All 
rights reserved. A, anterior; AML, anterior mitral leaflet; CFD, color 
flow Doppler; L, lateral; LA, left atrium; LV, left ventricle; M, medial; 
MR, mitral regurgitation; MV, mitral valve; P, posterior; PML, posterior 
mitral leaflet; RHD, rheumatic heart disease
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e f

d

b

Fig. 7.8 3D TEE CFD in acute mitral valvulitis with severe MR . Top 
panel: (a) FV of MR (white arrows). (b) Enface LA view MV. Arrow 
points to posteriorly directed MR jet. Middle panel: MPR of the 3D 
CFD data set. (c) Intersection of three orthogonal planes: blue, red, and 
green lines at VC of MR jet delineates the VC area which represents the 
EROA (white arrows) in the transverse short-axis plane (left lower 
quadrant). (d) Same MPR with color suppress to highlight alignment of 
the transverse blue plane at site of VC just distal to leaflet coaptation 
(yellow arrows). The VC area with color on (c, white arrows) may be 
slightly larger than area without color (d, white arrows) because of 

color blooming artifact. Bottom panel: (e) elliptical shaped VC on 3D 
(arrows) and planimetered VC area. (f) By comparison, 2D CFD PISA 
derived EROA from same patient. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. A, 
anterior; AV, aortic valve; CFD, color flow Doppler; EROA, effective 
regurgitant orifice area; FV, Full Volume; L, lateral; LA, left atrium; M, 
medial; MPR, multiplanar reconstruction; MR, mitral regurgitation; 
MV, mitral valve; P, posterior; PISA, proximal isovelocity surface 
acceleration; VC, vena contracta; VCA, vena contracta area
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a b

c

e f

d

Fig. 7.9 3D TEE assessment of MAC. Top panel: enface LA views of 
the MV; (a) circumferential MAC (dark blue arrows). Red arrow points 
to medial commissure and yellow arrow points to lateral commissure. 
(b) By lowering the overall gain settings, the circumferential distribu-
tion of annular calcification (white arrows) is appreciated. Yellow arrow 
points to a calcified nodule on mid posterior annulus. Middle panel: 
LA (c) and LV (d) 3D TEE enface views of the MV in another patient 
with MAC showing a very narrow MV orifice (dark blue arrows) and a 
calcified mass (green arrow) at the lateral commissure. Note the cal-
cium shelf that projects from posterior mitral annulus into the lumen 

towards the AML (red arrow). Bottom panel: Enface 3D TEE LA 
views with color suppress on (e) and CFD (f) showing posterior mitral 
annular calcification (yellow arrows) and a large calcium bridge 
between the posterior and anterior mitral annulus (white arrows) result-
ing in a double orifice MV (orange arrows). Used with permission of 
Mayo Foundation for Medical Education and Research. All rights 
reserved. A, anterior; AML, anterior mitral leaflet; AV, aortic valve; 
CFD, color flow Doppler; I, inferior; L, lateral; LA, left atrium; LV, left 
ventricle; M, medial; MAC, mitral annular calcification; MV, mitral 
valve; P, posterior; S, superior
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a b

dc

Fig. 7.10 Another patient with MAC. (a) Live FV 3D enface LA view 
of MV showing extensive posterior annular calcification (arrows) with 
MAC that extends anteriorly with calcium involvement of the AML 
(star). (b) Same frame, with lowered overall gain to appreciate the cir-
cumferential and AML calcification. (c, d) TrueVue (Philips Healthcare) 

of image in b at two different depths of the light source. Used with 
permission of Mayo Foundation for Medical Education and Research. 
All rights reserved. A, anterior; AML, anterior mitral leaflet; AV, aortic 
valve; FV, Full Volume; M, medial; MAC, mitral annular calcium; 
MV, mitral valve; L, lateral; LA, left atrium; P, posterior

a b c

Fig. 7.11 (a) MPR in MAC with measurement of the mitral annular 
dimensions (blue square, lower left). (b) By careful translation of the 
transverse plane (blue lines) from the annulus towards the LV in two 
orthogonal planes (top right and left), the narrowest inflow area (blue 
square, lower left) is identified and measured using planimetry. (c) 
MPR of 3D CFD volumetric data set in another patient with MAC and 

MR.  Note the circular orifice of the VC (lower left, blue rectangle). 
Used with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved. CFD, color flow Doppler; LV, left ven-
tricle; MAC, mitral annular calcification; MPR, multiplanar reconstruc-
tion; MR, mitral regurgitation; VC, vena contracta

J. F. Maalouf and F. F. Faletra



105

patients with severe mitral stenosis due to MAC who are 
potential candidates for transcatheter mitral valve replace-
ment (see Chap. 31), 3D-TEE assessment of mitral annular 
dimensions (Figs. 7.11 and 7.12) can be very useful in deter-
mining the transcatheter mitral valve implantation size [15].

Other rare causes of MS [1, 2] not to be confused with 
rheumatic MS include congenital MS, radiation induced 
heart disease (Fig. 7.14), inflammatory diseases, infiltrative 

diseases, carcinoid heart disease, and drug-induced MS 
(Fig. 7.14). The mitral leaflets in such patients are thickened 
with restricted mobility, but as with degenerative MS and 
unlike rheumatic MS, commissural fusion is rare. Radiation- 
induced valve disease typically involves both the mitral and 
aortic valves [3], and calcifications of the mitral aortic inter-
valve fibrosa have been reported to be a highly suggestive 
finding [3].

a b

c d

Fig. 7.12 MPR mitral annulus in same patient in Fig. 7.10 with annular area measurements in systole (a, b) and diastole (c, d). Red line indicates 
trigone-trigone distance. Used with permission of Mayo Foundation for Medical Education and Research. All rights reserved

a b c

Fig. 7.13 (a) MPR of MV in another patient with severe MAC to 
detect narrowest MV area (a, b) and area measurement (c). Used with 
permission of Mayo Foundation for Medical Education and Research. 

All rights reserved. MAC, mitral annular calcium; MPR, multiplanar 
reconstruction; MV, mitral valve
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a b

Fig. 7.14 (a) Radiation induced MVD.  Note severe MAC (yellow 
arrows) and nodular calcifications AML (white arrows). (b) MV in a 
patient who was on the diet drug Fen-Phen. Both AML (white arrow) 
and PML (yellow arrow) are thick but the commissures (green arrows) 
are spared. Used with permission of Mayo Foundation for Medical 

Education and Research. All rights reserved. A, anterior; AML, anterior 
mitral leaflet; L, lateral; M, medial; MAC, mitral annular calcification; 
MV, mitral valve; MVD, mitral valve disease; P, posterior; PML, poste-
rior mitral leaflet
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Role of 3DE in Assessment of Functional 
Mitral Regurgitation

Joseph F. Maalouf and Francesco F. Faletra

Functional mitral regurgitation (FMR) is defined as mitral 
regurgitation (MR) secondary to ischemic or dilated cardio-
myopathy in the absence of structural abnormality in the 
mitral valve (MV) [1, 2]. The underlying cause of MR in this 
setting is regional or global left ventricular (LV) dysfunction 
and dilatation. The LV remodeling that ensues leads to apical 
and lateral papillary muscle displacement as a result of 
global LV enlargement or focal myocardial scarring, and can 
affect one or both papillary muscles [1, 2]. Additionally, the 
normal saddle-shape of the mitral annulus, important for 
maintaining low leaflet stress is lost [3], and annular flatten-
ing with LV remodeling results in increased leaflet stress and 
secondary MR [1–3]. Moreover, LV systolic dysfunction 
reduces the strength of MV closing. These aforementioned 
pathomorphologic changes result in leaflet tethering, tenting, 
and malcoaptation (Figs. 8.1 and 8.2) [1, 2].

In ischemic MR (the more frequent etiology of FMR), LV 
remodeling may be regional or global and symmetric or 
asymmetric mitral leaflet tethering may occur [1, 2]. 
Symmetric tethering typically causes mitral leaflet tenting 
and is associated with substantial LV systolic dysfunction, 
global remodeling with increased LV sphericity, and a cen-
tral regurgitant jet. Asymmetric tethering typically involves 
the posterior leaflet and results from localized remodeling 
affecting the posterior papillary muscle and adjacent mid to 
basal myocardial segments, but global left ventricular ejec-

tion fraction (LVEF) does not have to be reduced [1, 2]. A 
characteristic feature of asymmetric posterior leaflet tether-
ing is anterior leaflet override (Fig. 8.1) and secondary pos-
teriorly directed jet of mitral regurgitation. Sufficient mitral 
leaflet tethering can result in severe MR. 3D echocardiogra-
phy (3DE) is useful for assessing the morpho-anatomic 
changes associated with FMR, and for providing insight into 
the underlying mechanism of mitral regurgitation in this set-
ting (Fig.  8.1). A better appreciation of the variability in 
mitral valve geometry due to differences in infarct location 
and size, and extent of left ventricular remodeling may help 
improve surgical planning [4].

Non-ischemic MR, most commonly due to longstanding 
hypertension or idiopathic dilated cardiomyopathy, is char-
acterized by global LV dilation with increased sphericity and 
(typically) a centrally located regurgitant jet. Mitral annular 
dilation typically occurs late in the pathophysiology of sec-
ondary MR, and is often asymmetric, with greater involve-
ment of the posterior annulus [3]. Symmetric mitral annular 
dilation correlates with the severity of LV dysfunction [3]. 
Isolated left atrial enlargement, with or without atrial fibrilla-
tion, is a relatively infrequent cause of severe secondary MR, 
due to dilated mitral annulus and reduced leaflet coaptation 
despite normal LV function and mitral leaflets [1].

Flow quantitation has emerged as the cornerstone for 
assessment of MR severity [5]. The smallest cross sectional 
area through which any regurgitant jet passes through before 
expanding into the receiving chamber is called its vena con-
tracta (VC) [5]. Because regurgitant blood flow accelerates 
as it approaches the mitral valve orifice, conventional 
2-dimensional (2D) Doppler derived quantitation of MR 
severity relies on the proximal isovelocity surface accelera-
tion (PISA) method [5]. The PISA method assumes a circu-
lar regurgitant orifice geometry also referred to as the 
effective regurgitant orifice area or EROA for short [5]. 
However, the EROA is not circular in most patients, and MR 
severity may, therefore, be significantly underestimated 
when the orifice is elliptical as is typical in functional MR 
(Figs. 8.2 and 8.3), and this is compounded if multiple jets 
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are present [6–8]. 3DE overcomes this limitation by 
 permitting direct planimetry of the vena contracta area 
(VCA) which in fluid mechanics corresponds to the EROA 
[7], regardless of orifice shape or number of jets (Figs. 8.3 
and 8.4) [6, 7].

Compared with MRI, quantification of mitral EROA and 
regurgitant volume with 3D TEE is accurate and results in 
less underestimation of the regurgitant volume as compared 
with 2D TEE [9].

Notwithstanding the aforementioned merits of 3D, both 
2D and 3D color flow Doppler tend to overestimate the 
regurgitant orifice area because of their inability to resolve 
the high velocity jet core due to aliasing and blooming arti-
facts (see Figs. 8.3 and 8.4) [6, 8]. FMR severity also varies 

during the cardiac cycle, and can peak in early or late systole, 
further complicating evaluation, which is traditionally done 
in mid-systole. There is also marked variability of shape, 
size, and number of VCAs on real time 3D color Doppler [6, 
8]. Another important obstacle to 3D assessment of MR 
severity remains the limited temporal and spatial resolution 
of 3D color Doppler data.

For all the aforementioned reasons, 3D derived VCA has 
not yet become part of routine clinical practice, and there are 
no agreed upon cut off values for VCA for severe 
FMR.  Therefore, more studies are needed, and because at 
present, no single parameter is sufficient to quantify the 
degree of FMR, multimodality assessment including both 
2D and 3D echocardiography is optimal [5–8].

a b

Fig. 8.1 Mechanism of IMR on 3D TTE; Orange arrow points to PML 
and yellow arrow points to AML (a) Valve tenting. (b) Tethered PML 
with AML override. Note the adjacent aneurysmal basal myocardial 
segment (red arrows). Used with permission of Mayo Foundation for 

Medical Education and Research. All rights reserved. AML, anterior 
mitral leaflet; IMR, ischemic mitral regurgitation; LA, left atrium; LV, 
left ventricle; PML, posterior mitral leaflet
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a b

c d

e f

Fig. 8.2 Top panel: (a) Live 3D TTE LA view from patient with IMR 
in Fig.  8.1 showing lack of MV leaflet coaptation in systole (yellow 
arrow points to AML and orange arrow points to PML). (b) Live TEE 
3D Zoom simultaneous dual layout enface LA (left) and LV (right) sys-
tolic views of MV in a patient with FMR due to non-ischemic cardio-
myopathy. Note the lack of leaflet coaptation (arrows), star points to 
AML; Middle panel: 3D TEE CFD enface LA (c) and LV (d) views 
from another patient with FMR. (a) MR jet fans out in the LA (yellow 
arrows), star points to AML. (b) LV view shows that MR spans the 
entire mitral valve coaptation surface (red arrows). Bottom panel: (e) 
Multibeat 3D TEE FV enface LV views of FMR in a patient with a 
tethered P2 segment of the PML resulting in localized central malcoap-

tation of the MV (arrow). (f) 3D CFD in same patient showing MR 
through the localized malcoaptation site (arrow). Note the drop in vol-
ume rate or frame rate from 60 to 13 when color flow Doppler is added. 
Also note that regardless of etiology, the origin of MR is best appreci-
ated from the enface LV perspective. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. A, 
anterior; AML, anterior mitral leaflet; AV, aortic valve; CFD, color flow 
Doppler; FMR, functional mitral regurgitation; FV, Full Volume; I, infe-
rior; IMR, ischemic mitral regurgitation; L, lateral; LA, left atrium; LV, 
left ventricular; M, medial; MR, mitral regurgitation; MV, mitral valve; 
P, posterior; PML, posterior mitral leaflet; S, superior; TEE, transesoph-
ageal echocardiography; TTE, transthoracic echocardiography
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a

c
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Fig. 8.4 (a) Multibeat TEE 3D Zoom enface LV views from a patient 
with FMR showing lack of anterior (yellow arrow) and posterior (red 
arrow) leaflet coapation. (b) secondary MR on CFD (star points to LVOT). 
(c–f) MPR of 3D CFD volumetric data set from same patient. (c) coronal 
plane (green rectangle) showing alignment of the transverse plane (blue 
line) and sagittal plane (red line) with the narrowest region of the MR jet 
just downstream to the orifice of the MV. (d) sagittal or vertical plane (red 
rectangle) and similar alignment of the transverse plane (blue line) and 
coronal plane (green line). (e) The resultant VC cross sectional area with 

color Doppler suppressed. (f) VC with CFD on. Note the dropout artifacts 
that are not covered by the CFD map (yellow arrows). Also note that the 
VC area measurement is limited to the high velocity core of the jet (white 
arrows). Used with permission of Mayo Foundation for Medical Education 
and Research. All rights reserved. CFD, color flow Doppler; FMR, func-
tional mitral regurgitation; I, inferior; M, medial; MPR, multiplanar recon-
struction, MR, mitral regurgitation; L, lateral; LV, left ventricle, LVOT, left 
ventricular outflow tract; S, superior; VC, vena contracta

Fig. 8.3 MR VC. (a) iCrop (Philips Healthcare) of multibeat 3D FV CFD 
showing a narrow VC when viewed sideways from the mid- esophagus 
(dark blue arrow) as opposed to a broad based VC that spans the entire MV 
coaptation surface (white arrows) when viewed enface from the LV per-
spective on the orthogonal MPR plane. (b–e) MPR of 3D CFD volumetric 
data set. (b) Alignment of the transverse plane (blue line) and orthogonal 
sagittal plane (red line) at VC (white arrow) in the coronal plane (Green 
rectangle). (c) Alignment of the transverse plane (blue line) and orthogo-
nal coronal plane (green line) at VC (white arrow) in the sagittal plane (red 

rectangle). (d) elliptical shaped VC (dark blue arrows) as it appears in the 
transverse plane (Blue rectangle) with color Doppler off. (e) Same VC 
with CFD on. Note the slight color bleed beyond the anatomic boundaries 
of the VC cross-sectional area (red arrow) due to blooming artifact. Used 
with permission of Mayo Foundation for Medical Education and Research. 
All rights reserved. CFD, color flow Doppler; EROA, effective regurgitant 
orifice area; FV, Full Volume; LA, left atrium; LV, left ventricle; MPR, 
multiplanar reconstruction; MR, mitral regurgitation; MV, mitral valve; 
VC, vena contracta
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Incremental Value of 3DE over 2DE 
in Assessment of Mitral Clefts and Other 
Congenital Mitral Valve Diseases

Joseph F. Maalouf and Francesco F. Faletra

The mitral valve (MV) has only two leaflets. The anterior 
leaflet is large and semicircular and forms part of the outflow 
tract. The posterior mitral leaflet is more shallow and is typi-
cally divided into three scallops (i.e. P1, P2, and P3) with the 
middle scallop (P2) usually the largest of the three [1]. 
Commissural chords arise from each papillary muscle and 
extend in a fan-like array to insert into the free edge of both 
leaflets adjacent to the major commissures or into two adja-
cent scallops of the posterior leaflet (minor commissures) 
[1]. Normal posterior leaflet interscallop indentations formed 
by the minor commissures are superficial and do not affect 
mitral valve closure [1] (Fig. 9.1).

Congenital clefts divide one leaflet into two and may or 
may not reach the level of the annulus. Unlike commissures, 
congenital clefts have no papillary muscles beneath them 
and no chordal insertions along their edge [1]. Anterior 
mitral leaflet cleft is an unusual congenital lesion that may be 
a cause of severe mitral regurgitation (MR), and is most 
often encountered in association with other congenital heart 
defects [1, 2]. Isolated anterior leaflet cleft (Fig. 9.2) is a rare 
anomaly that can be wide and extend to the mitral annulus or 
only a few millimeters deep [2–4]. A similar congenital cleft 
has been rarely described in the posterior leaflet of the mitral 
valve [2] and even more rarely involving both leaflets [5]. 
The diagnosis of MV cleft using two- dimensional (2D) 
echocardiography is particularly challenging [6]. With three- 

dimensional (3D) echocardiography, the anatomy of con-
genital mitral valve clefts can be readily displayed in multiple 
views [6, 7] including the position, shape, longitudinal diam-
eter, and width of the cleft as well as the spatial position 
between the chordae tendineae surrounding the cleft and the 
aortic valve [6, 7].

The term cleft is also commonly used to describe deep 
divisions or indentations between posterior leaflet scallops at 
site of minor commissures [1, 7] that may or may not be 
associated with MR, and are most commonly seen in myxo-
matous mitral valve disease [8, 9]. On 3D echocardiography, 
such clefts typically extend at least one half of the depth of 
the adjacent mitral leaflet and may be seen during systole 
and diastole [9]. Distinguishing these cleft like indentations 
from congenital posterior leaflet clefts on 3D echocardiogra-
phy may not be possible, however, particularly when the MV 
is otherwise normal and there is no associated MR (Fig. 9.3). 
These anatomic differences notwithstanding, recognition of 
clefts causing MR (Figs. 9.4 and 9.5) is important prior to 
surgical or percutaneous MV repair because they are a rela-
tive contraindication to percutaneous MV repair and for 
patients undergoing surgical MV repair, such clefts can be 
easily missed in a flaccid non beating heart, and therefore, 
can be the cause of significant residual post operative MR.

Gaps (Fig. 9.6) are congenital abnormal spaces between 
two leaflets, often at the usual site of a major commissure 
[1].

3D TEE can also be very useful in the diagnosis of other 
more complex congenital MV pathologies (Fig. 9.7).
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Fig. 9.1 Mitral valve, viewed from left atrium showing the two major 
commissures (yellow arrows) and three minor commissures between 
adjacent posterior leaflet scallops (green arrows). The red arrows point 

to the anterior leaflet. With permission from McGraw-Hill, Hurst’s The 
Heart, 2017, Maalouf et al., Chapter 4 Functional Anatomy of the Heart

a b

Fig. 9.2 Real time 3D TEE enface LA views of the MV in diastole (a) 
and systole (b). Red arrow points to a wide congenital AML cleft. Note 
that the cleft is not seen in systole and the MV was competent. A, ante-
rior; AML, anterior mitral leaflet; AV, aortic valve; L, lateral; M, medial; 

MV, mitral valve, P, posterior. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved
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Fig. 9.3 (a, b) 3D zoom TEE enface LA views of a PML “cleft” in 
diastole. A deep indentation between P2 and P3 (red arrow) is seen in 
two views. Yellow arrows point to AML. (c) Same view in systole. The 
cleft like indentation is no longer seen. (d) 3D TTE LV view of mitral 
valve in another patient with an isolated PML “cleft” (red arrow). 
Yellow arrow points to the lateral commissure. The MV in both cases 

was otherwise normal. Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved. A, anterior; AML, 
anterior mitral leaflet; L, lateral; LA, left atrium; LV, left ventricle; M, 
medial; MV, mitral valve; P, posterior; PML, posterior mitral leaflet
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Fig. 9.4 Top panel: 3D TEE FV CFD with color suppress enface LV 
view of the MV in diastole (a) and LA view in systole (b) in a patient 
with severely myxomatous bileaflet MVP undergoing surgical MV 
repair. Two PML clefts at sites of minor commissures (red arrows) are 
clearly seen in diastole (a). In systole (b), the medial cleft (red arrow) is 
still seen but the the lateral cleft (yellow arrow) is less apparent. Bottom 
panel: Enface 3D CFD FV LV views of the MV in systole from same 
patient. With color suppress on (c) the medial (red arrows) and lateral 
(yellow arrows) clefts are delineated, but on turing color Doppler on (d) 

MR is only seen through the medial cleft (red arrows). Star points to the 
LVOT.  Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. A, anterior; AV, aortic 
valve; CFD, color flow Doppler; FV, Full Volume, I, inferior; L, lateral; 
LA, left atrium; LV, left ventricle; LVOT, left ventricular outflow tract; 
M, medial; MR, mitral regurgitation; MV, mitral valve; MVP, mitral 
valve prolapse; P, posterior; PML, posterior mitral leaflet; S, superior

Fig. 9.5 Top panel: (a) 3D TEE FV enface dual lay out LA and LV 
views of the MV in systole in a patient with endocarditis complicated 
by windsock mycotic aneurysm of the AML (green arrow). A P2–P3 
PML cleft, red arrows LA view, and blue arrows LV view is seen. (b) 
3D TEE FV enface LV view with CFD from same patient in systole 
shows MR originating from within the cleft (red arrows). The stars in 
both images point to the LVOT. Images a and b used with permission of 
Mayo Foundation for Medical Education and Research. All rights 
reserved. Middle panel: (c) 3D TEE FV enface LA view in a patient 
with flail P2 segment (star) and two ruptured chords (yellow arrows) 
who on intraoperative TEE was found to have a deep cleft at P1–P2 that 
reached the annulus and that was missed on 2D TEE. (d) 3D TEE FV 
CFD showing significant MR originating within the cleft (red arrow). 

Yellow arrow points to regurgitation caused by the flail P2 segment. 
Bottom panel: The deep P1–P2 cleft (yellow arrows) as viewed by the 
surgeon intraoperatively when open (e) and closed (f). Permission for 
images c, d, and e from McGraw-Hill, Hurst’s The Heart, 2017, 
Maalouf et al., Chapter 4 Functional Anatomy of the Heart. A, anterior; 
AML, anterior mitral leaflet; AV, aortic valve; CFD, color flow Doppler; 
FV, Full Volume; I, inferior; L, lateral; LA, left atrial; LV, left ventricu-
lar; LVOT, left ventricular outflow tract; M, medial; MR, mitral regur-
gitation; MV, mitral valve; MVP, mitral valve prolapse; P, posterior; P1, 
lateral posterior leaflet scallop; P2, middle posterior leaflet scallop; P3, 
medial posterior leaflet scallop; PML, posterior mitral leaflet; S, 
superior
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a b

Fig. 9.6 3D TEE FV enface LV views of the MV in a patient with a 
medial gap at site of major commissure (a, yellow arrow). (b) MR 
through the gap on CFD ( red arrow). Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. 

CFD, color flow Doppler; FV, Full Volume; I inferior; L, lateral; LV, left 
ventricular; M, medial; MR, mitral regurgitation; MV, mitral valve; S, 
superior

a b

c d

Fig. 9.7 Top panel: (a) 3D TEE FV enface LA view of the MV in a 
patient with AMVT [10] showing hammock-like appearance (blue 
arrows) of the AMVT at P1 scallop created by an anomalous chordal 
attachment (red arrow) with a resulting coaptation defect (green arrow). 
(b) Intraoperative photograph of the anomalous chord that extended 
from the PM papillary muscle through the MV, attaching to dome of the 
anterior wall of the left atrium. Bottom panel: (c) 3D TEE FV enface 
LA systolic view in same patient following resection of the anomalous 

chord showing retracted AMVT (blue arrows). (d) Post operative dia-
stolic 3D TEE FV dual layout views showing the residual AMVT from 
the LA (red arrow) and LV (yellow arrow) perspectives. Images c and d 
used with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved. A, anterior; AMVT, accessory mitral 
valve tissue; AV, aortic valve; FV, Full Volume; L, lateral; LA, left 
atrium; LV, left ventricle; M, medial; MV, mitral valve; P, posterior; P1, 
lateral posterior mitral leaflet scallop; PM, posteromedial

J. F. Maalouf and F. F. Faletra



119

References

 1. Malouf JF, Maleszewski JJ, Tajik AJ, Seward JB.  Section 2: 
Foundations of cardiovascular medicine, Chapter 4: Functional 
anatomy of the heart. In: Fuster V, Harrington RA, Narula J, Eapen 
ZJ, editors. Hurst the heart. 14th ed. New  York: McGraw-Hill; 
2017.

 2. Diqi Z, et al. Isolated cleft of the mitral valve: clinical spectrum and 
course. Texas Heart Inst J. 2009;36(6):553–6.

 3. Minardi G, et  al. An Isolated anterior mitral leaflet cleft: a case 
report. Cardiovasc Ultrasound. 2010;8:26.

 4. Timoteo A, et al. Isolated cleft of the anterior mitral value leaflet. 
Eur Soc Cardiol. 2005;8(1):59–62.

 5. Mohammadi S, et al. Mitral valve cleft in both anterior and pos-
terior leaflet: an extremely rare anomaly. Ann Thorac Surg. 
2006;82:2287–9.

 6. Narang A, Addetia K, Weinert L, Yamat M, Shah AP, Blair JE, 
Mor-Avi V, Lang RM. Diagnosis of isolated cleft mitral valve using 
three-dimensional echocardiography. J Am Soc Echocardiogr. 
2018;31(11):1161–7.

 7. Xinchun Y, et  al. Diagnosis of mitral valve cleft using real-time 
3-dimensional echocardiography. J Thorac Dis. 2017;9(1):159–65.

 8. Mantovani F, Clavel MA, Vatury O, Suri RM, Mankad SV, Malouf 
J, Michelena HI, Jain S, Badano LP, Enriquez-Sarano M. Cleft-like 
indentations in myxomatous mitral valves by three-dimensional 
echocardiographic imaging. Heart. 2015;101(14):1111–7.

 9. Ring L, Rana BS, Ho SY, Wells FC. The prevalence and impact of 
deep clefts in the mitral leaflets in mitral valve prolapse. Eur Heart 
J Cardiovasc Imaging. 2013;14(6):595–602.

 10. Gurrieri C, Nelson J, Wurm H, Cicek MS, Maalouf JF. An extremely 
rare cause of mitral regurgitation-accessory commissural mitral tis-
sue with anomalous left atrial chordal attachment. CASE (Phila). 
2019;3(5):200–3.

9 Incremental Value of 3DE over 2DE in Assessment of Mitral Clefts and Other Congenital Mitral Valve Diseases



121© Springer Nature Switzerland AG 2022
J. F. Maalouf et al. (eds.), Practical 3D Echocardiography, https://doi.org/10.1007/978-3-030-72941-7_10

3D Color Flow Doppler Assessment 
of Mitral Regurgitation: Advantages 
over 2D Color Doppler

Jeremy J. Thaden and Joseph F. Maalouf

 Introduction

Mitral regurgitation (MR) is among the most common valve 
lesions encountered in clinical practice [1]. Echocardiography 
remains the most common imaging modality for assessment. 
Multiple parameters are available for assessment of MR, but 
many are subjective resulting in uncertainty and variability 
in grading the severity of MR. Echocardiographic quantita-
tion of MR by proximal isovelocity surface area (PISA) 
improves diagnostic certainty [2] and has important prognos-
tic implications [3] but also has important limitations. In 
select cases, 3D TEE with color Doppler imaging can pro-
vide alternative or supplemental quantitative data that pro-
vides a better understanding of MR severity [4, 5]. In this 
chapter we will review the basic technique for calculation of 
3D vena contracta area (VCA) using 3D TEE with color 
Doppler imaging and specific situations where there may be 
incremental value over 2DE techniques.

 Measurement of 3D VCA

Acquisition of a high quality 3D with color Doppler acquisi-
tion is the first step for measurement of 3D VCA for assess-
ment of MR. A minimum frame rate of 12–15 Hz is ideal for 
analysis depending on patient heart rate, faster heart rates 

may dictate the need for increased frame rates. Ideally, mea-
surements should be performed on single beat or live acqui-
sitions and not on multi-beat volumes. Multi-beat volumes 
and associated stitch artifacts have the potential to introduce 
error at the time of planimetry. Frame rate can ideally be 
optimized by reducing 3D sector width or height or by nar-
rowing the 3D color box to the region of interest. Color 
Doppler aliasing velocity should be set to 50–70 cm/s. 3D 
gain should be set in the mid range because higher 3D gain 
can result in underestimation of the 3D VCA (Fig.  10.1). 
Color Doppler gain should generally be set just below the 
noise threshold. Figure 10.2 shows an example of a 3D VCA 
measurement using multiplanar reconstruction (MPR) in a 
patient with severe secondary MR.

 Step-by-Step Instructions for 3D-Guided 
Measurement of VCA

 1. Acquire a high quality 3D with color Doppler volume 
(single beat acquisition preferred).

 2. Open the volume with available quantitative software 
package.

 3. Select the frame for measurement, ideally around mid- 
systole for timing and using a frame where the regurgitant 
jet and orifice are well seen.

 4. Designate the plane that will be used for planimetry of the 
VCA. Use the other two planes to align with the narrow-
est neck of the regurgitant jet (the vena contracta) in the 
two orthogonal views (Fig. 10.2). Note that arranging the 
two orthogonal views as a typical long axis view and 
commissural view is frequently helpful for orientation 
and to facilitate measurement (Fig. 10.2).

 5. Perform planimetry of the VCA in the short axis view 
(Fig. 10.2).

J. J. Thaden (*) 
Assistant Professor of Medicine, Mayo Clinic College of 
Medicine; Co-Chair for Clinical Practice and Quality,  
Division of Cardiovascular Ultrasound; Consultant,  
Department of Cardiovascular Medicine, Mayo Clinic,  
Rochester, MN, USA
e-mail: Thaden.Jeremy@mayo.edu 

J. F. Maalouf 
Professor of Medicine, Mayo Clinic College of Medicine;  
Director, Interventional Echocardiography; Consultant, 
Department of Cardiovascular Medicine, Mayo Clinic,  
Rochester, MN, USA 
e-mail: maalouf.joseph@mayo.edu

10

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-72941-7_10&domain=pdf
https://doi.org/10.1007/978-3-030-72941-7_10#DOI
mailto:Thaden.Jeremy@mayo.edu
mailto:maalouf.joseph@mayo.edu


122

 The Utility of 3D TEE with Color Doppler 
and VCA in Specific Clinical Scenarios

 Correlation of Leaflet Pathology 
with Regurgitant Jet Origin

MR results from a heterogeneous group of pathologies. The 
entire mitral valve can be visualized by multiplanar 2D TEE, 
but particularly for complex mitral valve pathology 3D TEE 
frequently provides a more robust understanding of the 
underlying pathology [6]. 3D TEE often provides important 
incremental information, such as a more precise understand-
ing of the regional leaflet pathology and how it correlates 

with the origin of the MR jet. Given the current emphasis on 
surgical mitral valve repair and percutaneous repair strate-
gies, a precise understanding of the mitral valve pathology 
and the number and location of regurgitant jets is critically 
important. The left ventricular view of the mitral valve with 
color Doppler imaging provides a more precise understand-
ing of the number and location of regurgitant jets (Fig. 10.3).

 Cumulative 3D VCA in Patients with Multiple 
MR Jets

3D VCA, compared to PISA assessment, can be useful in 
patients with multiple MR jets [7]. The assessment of mul-

a b

c d

Fig. 10.1 Short axis view of the 3D VCA at various 3D gain settings. 
A short axis view in the same frame, mid-systole, is shown at progres-
sively increasing 3D gain settings from panels a to d. Note the qualita-
tive decrease in size of the vena contracta as 3D gain progressively 
increases (yellow arrows, panels a–d). 3D gain should optimally be set 

in the range of 40–60 for measurement of 3D VCA. Used with permis-
sion of Mayo Foundation for Medical Education and Research. All 
rights reserved. AML, anterior mitral leaflet; PML, posterior mitral 
leaflet
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tiple MR jets by PISA can be technically challenging and 
time consuming. Multiple MR jets can be assessed on a 
single 3D TEE volume. Typically the 3D VCA of multiple 
jets are summed to determine the cumulative VCA as a 
measure of severity [7]. 3D VCA can also be a helpful mea-
sure in patients with multiple MR jets considered for percu-
taneous mitral valve repair, such as edge-to-edge repair, to 
help determine the dominant regurgitant jet. Note that fre-
quently separate MR jets exist in different spatial planes 
and typically each jet must be aligned and measured in 
separate imaging planes to achieve accurate measurement 
(Fig. 10.4).

 3D VCA in Patients with Eccentric MR Jets

Patients with flail mitral leaflet frequently present with very 
eccentric MR jets. Visual assessment may result in underes-
timation due to the Coanda effect and PISA quantification 
can be challenging due to suboptimal alignment of the CW 
Doppler beam. 3D VCA is frequently feasible in these cases 
as an objective marker of MR severity. Accurate measure-
ment of the 3D VCA in such cases requires careful alignment 
with the regurgitant jet using MPR (Fig. 10.5). Toggling the 
color flow imaging can be helpful in some cases to visualize 
the flail leaflet itself and guide measurement (Fig. 10.5).

a b

c d

Fig. 10.2 Measurement of 3D-guided VCA using 3D color Doppler 
imaging with MPR. (a) typical long axis view of the mitral valve 
including a portion of the LVOT. (b) Typical commissural view show-
ing the mitral valve in medial to lateral dimension. The blue line is 
aligned with the narrowest neck of the regurgitant jet (the vena con-
tracta) in panels a and b to create a short axis image of the vena con-

tracta (c, yellow arrow) for direct planimetry. (d) A view of the mitral 
regurgitation flow convergence (red arrow) from the ventricular per-
spective during systole. Measurement steps described in text. Used with 
permission of Mayo Foundation for Medical Education and Research. 
All rights reserved. AV, aortic valve; LA, left atrium; LV, left ventricle; 
LVOT, left ventricular outflow tract
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 3D VCA in Patients with an Elliptical MR Orifice

PISA assessment of MR assumes a circular MR orifice shape 
and a hemispheric zone of flow convergence. However, par-
ticularly in patients with secondary MR, the regurgitant ori-

fice area may be elliptical rather than circular (Fig. 10.6). In 
such cases PISA assessment may underestimate the severity 
of MR and 3D VCA may be a more accurate measure of true 
MR severity [5].

a b

c d

Fig. 10.3 Correlation between anatomic defect and jet origin by 3D 
TEE with color Doppler imaging. Panel a shows a 3D en face view of 
the mitral valve from the left atrial perspective with a flail P3 scallop 
(red arrow). Panel b shows live 3D color Doppler imaging from the left 
atrial perspective. Color flow fills the left atrium and obscures the jet 
origin. Panel c shows live 3D color Doppler from the left ventricular 
perspective, which confirms a regurgitant jet originating from the site of 

the P3 flail (red arrow) and a second jet arising from A1–P1 (yellow 
arrow). Panel d shows MPR using a 3D color Doppler volume, show-
ing the two jets of mitral regurgitation in a typical commissural view 
(upper right panel, yellow and red arrows) and in a short axis view of 
the mitral valve (lower left panel, yellow and red arrows). Used with 
permission of Mayo Foundation for Medical Education and Research. 
All rights reserved
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a b c

d e f

Fig. 10.4 Cumulative 3D VCA in a patient with two MR jets. Panels 
a and b show MPR alignment of the blue lines with the vena contracta 
of an eccentric regurgitant jet, creating a short axis view of the regurgi-
tant jet in panel c (yellow arrow) for direct planimetry (A1). Panels d 
and e show MPR alignment with a second regurgitant jet in a different 

plane. Aligning the blue lines with the short axis of the regurgitant jet in 
panels d and e creates a short axis of the vena contracta in panel f for 
direct planimetry (A2). Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved. LA, left atrium; 
LV, left ventricle
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a b

c d

Fig. 10.5 3D VCA in a patient with a flail posterior leaflet and very 
eccentric MR. Panel a shows a typical long axis view zoomed on the 
mitral valve leaflets. Panel b shows an off axis commissural view due 
to the eccentric, anteriorly directed MR jet. Panel c shows the 3D VCA 
(red arrow) created by alignment of red lines in two orthogonal views 
with the vena contracta (panels a and b). Note that the flail scallop is 

frequently well visualized in its short axis (panel c, yellow arrows) 
which can be helpful to guide the measurement. Panel d: volumetric 
data set. Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. LA, left atrium; LV, left 
ventricle
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a b

c d

Fig. 10.6 3D VCA in a patient with secondary mitral regurgitation and 
an elliptical orifice area. Panel a shows a typical long axis view from a 
3D color Doppler volumetric data set in a patient with severe, second-
ary MR. Note the relatively narrow dimension of the regurgitant jet in 
the anterior- posterior dimension (panel a, red arrows). Panel b shows a 
commissural view in the same patient showing an increased medial to 
lateral dimension of the regurgitant jet (yellow arrows). Panel c shows 
the 3D VCA in the transverse short-axis plane. Note the elliptical shape 

and the relatively small anterior-posterior dimension (red arrows) and 
the large medial-lateral dimension (yellow arrows). The 3D VCA by 
3D-guided planimetry was 0.72 cm2. Panel d shows a PISA measure-
ment from a 2D long axis view. PISA quantitation of the ERO of this 
elliptical regurgitant jet was 0.37 cm2. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. 
LA, left atrium; LV, left ventricle

 Conclusions and Future Directions

There is growing evidence that 3D VCA is useful in cur-
rent clinical practice as an additional quantitative measure 
for MR severity or an alternative measure when PISA is 
not feasible. As 3D TEE image quality improves with each 
subsequent iteration of ultrasound machine we expect 3D 

VCA will be used more frequently in routine clinical prac-
tice. 3D PISA and 3D quantitative color Doppler are addi-
tional 3D color Doppler techniques that hold promise for 
the future. Each technique needs further study but has the 
potential to improve quantitation of MR severity by elimi-
nating geometric assumptions inherent in current quantita-
tive techniques.
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3DE Anatomy of Normal Aortic Valve 
and Root. Image Display and Anatomic 
Correlations

Francesco F. Faletra, Laura A. Leo, 
Susanne A. Schlossbauer, Vera L. Paiocchi,  
Elisa Gherbesi, and Marco Valgimigli

 Introduction

The first “scientific” report of the sophisticated architecture 
of the aortic root dates back to Leonardo da Vinci’s writings 
and drawings. He described and superbly illustrated the three 
small bulges at the base of the aorta and correctly theorized 
their function picturing the “eddy currents” between leaflets 
and sinuses. Despite this “old” interest, anatomy of the aortic 
root was largely ignored by cardiologists until a few decades 
ago. Two main reasons behind this indifference towards this 
complex anatomical structure are: firstly, the aortic root was 
simply considered an inert unidirectional conduit between 
the left ventricle and the ascending aorta; secondly, because 
aortic valve leaflets do not have an extensive attachment with 
the ventricular myocardium, their motion was thought to be 
entirely passive, just driven by blood pressure gradients 
between the left ventricle and the ascending aorta. Tyron 
David, who first performed aortic valve sparing surgery in 
1992 [1], and Alain Cribier, who first performed transcathe-
ter aortic valve implantation (TAVI) in 2002 [2], renewed 
interest in the aortic root anatomy. Indeed, both procedures 
require a systematic and thorough analysis of the fine anat-
omy of the components of this valve apparatus.

There is no doubt that anatomic specimens remain the 
“gold standard” to illustrate the anatomy of the aortic root [3, 

4]. Moreover, holding and dissecting a human heart is an 
excellent method to appreciate the complex “three- 
dimensional” interrelations between the different components 
of the aortic root. Accordingly, numerous studies have been 
published by anatomists and surgeons describing the fine 
details of the aortic root anatomy [3–6]. However, over the 
last 2 decades, sophisticated imaging technologies such as 3D 
transesophageal echocardiography (3DTEE) and computed 
tomography (CT), have undergone extraordinary develop-
ments providing exquisite images of the aortic root both in 
two and three dimensional formats. Being “intrinsically 
three-dimensional”, 3D TEE and CT images can be displayed 
and analyzed in hundreds of cross-sections and perspectives. 
Importantly, at variance with anatomists, who explore dead 
hearts in a contracted state, and surgeons, who explore “still 
and empty” hearts, these techniques provide images of “beat-
ing” hearts with “live and dynamic” anatomical features.

 Terminology

The term “aortic root” includes the aortic valve complex which 
extends from the ventricular-arterial junction to the sino-tubu-
lar junction. To fully appreciate the anatomy of the aortic root, 
a fundamental prerequisite is understanding the nomenclature. 
Indeed, there is remarkable variability in the everyday-used 
definitions of the aortic root components (Table 11.1).

 Aortic Root and Surrounding Structures

When the base of the heart is viewed from an overhead per-
spective, the aortic root is the cardiac centerpiece, partially 
wedged between the orifices of the tricuspid and mitral valve. 
Viewed from an antero-posterior plane, the aortic root is 
positioned right and posterior with respect to the right ven-
tricular outflow tract (RVOT). The angle between the aortic 
root and RVOT is approximately 60° while the line joining 
the nadir of the aortic sinuses lies in a plane that is tilted 30° 
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to the left with respect to the horizontal line. Consequently, 
the left coronary sinus and its leaflet are at the highest posi-
tion among the three sinuses. On its lateral aspect, the aortic 
root is wrapped up by the right atrial appendage, while pos-
teriorly it is separated from the left and right atrial cavities by 
a space called “sinus transversum”. The close proximity of 
the non-coronary sinus to the interatrial septum (IAS) is well 
known to interventionalists. Indeed, puncturing the IAS or 
implanting a devise for atrial septal defect closure, carries 
the risk of injuring the aorta, especially if it is enlarged 
(Fig. 11.1).

 Function of the Aortic Root

The aortic root is a highly sophisticated and complex appara-
tus, forged by millions of years of evolution so as to allow for 
a lifetime of proper function in the most challenging physical 
environment. Indeed, the aortic root has several functions, 

including: (a) allowing the passage of a significant amount of 
blood across the aortic valve with a minimum gradient; (b) 
assuring a wide flow variation (up to five times); (c) prevent-
ing significant back flow and having at the same time a robust 
structural integrity to withstand the aortic pressure; (d) assur-
ing optimal coronary perfusion and finally (e) preserving 
leaflets integrity. This latter function is probably the most 
relevant one. Although the leaflets are living structures sub-
jected to natural biological turnover, such that their micro- 
architecture is continuously renovated and micro injuries 
self-repaired, there is no doubt, that working “inside” the 
aortic root, offers the leaflets an extraordinary “low-stress 
environment” that favors their life-long durability.

 Components of the Aortic Root

The aortic root is composed of five key components, namely 
the ventriculo-arterial junction (VAJ), crown-shaped hinge-
lines of semilunar leaflets (also called annulus), leaflets, 
sinuses and sinutubular junction (STJ).

 The Ventricular-Arterial Junction

The VAJ refers to the virtual circumference where the mus-
cular tissue of the left ventricular outflow tract (LVOT), abuts 
the fibro-elastic wall of the aortic root. Interestingly, the 
muscular component of the LVOT represents nearly 40% of 
the entire VAJ, with the remaining 60% being made up from 
connective tissue [3, 4]. The connective tissue component of 
the VAJ, includes the mitral-aortic continuity (between the 
left- and non-coronary sinuses) and the membranous septum 
(MS; between the non-coronary and the right coronary 
sinuses) (Fig.  11.2a, b). The muscular component extends 
above the nadir of the right and left sinuses, remaining 
enclosed in the lowest part of the sinuses, few millimeters 
above the hinge line of the leaflets. Left-sided ventricular 
arrhythmias may actually arise from this muscular “sinus” 
component (Fig.  11.2c, d). In humans, the MS connective 
tissue component of the VAJ and adjacent right fibrous tri-
gone is a particularly delicate area because the bundle of His 
runs immediately below the inferior margin of the MS while 
the atrioventricular node is located within the muscular atrio-
ventricular septum. Because of the muscular component, the 
VAJ expands during ventricular filling and isovolumetric 
contraction (together with the STJ), making the aortic root 
larger to accommodate the stroke volume. This expansion 
reduces the area of leaflet coaptation and at the time of their 
opening, the leaflets are in apposition only with their free 
edge, reducing the friction between them. During ejection, 
the VAJ contracts, while the STJ continues to expand. The 
shape of the aortic root becomes a truncated cone with the 

Table 11.1 Definitions of aortic root components

Name Meaning
Ventricular- 
arterial 
junction

The term describes the border between the 
ventricular myocardium and the fibro-elastic 
structure of the aortic root. This circular/elliptical 
border includes, along with muscular tissue, two 
fibrous components: the mitral-aortic curtain and 
the membranous septum

Cusps Refer to the moving parts of the aortic root. The 
name is due to similarity between the aortic valve, 
viewed from a ventricular perspective in closed 
position, and the surface of a molar tooth (called 
cusp). The term is also used to describe the 
structure of the valve (i.e. unicuspidal, bicuspid, 
and tri-cuspid)

Leaflets The term leaflet or “small leaf” has the same 
meaning as “cusp”. The name describes a thin, 
pliable layer. This term perfectly fits the leaflet 
aspect

Commissures The term generally means the angle between two 
lips or eyelids. In the anatomy of the aortic root it 
refers to the most distal  insertions of the leaflets 
on the aortic wall where they abut

Aortic annulus The term indicates the anatomical line where 
leaflets insert on the wall of the aortic root. This 
line of dense connective tissue, is not circular but 
has a crown-shaped morphology

Virtual 
annulus

Although neither anatomically or histologically 
recognizable, this term has become relevant in the 
TAVI era. Measurements of this virtual basal 
plane, allow for correct sizing of the valve. Since 
this region does not exist anatomically it is also 
called “virtual annulus”

Surgical 
annulus

Prosthetic heart valves are traditionally sutured to 
a sort of “ring area” lying between the nadirs of 
the sinuses and midway to the commissures. The 
term “surgical annulus” refers to this “ring area” 
and provides a precise reference point when the 
prosthesis is sutured in a “supra” annular position
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smaller opening toward the ventricle facilitating progression 
of the blood column towards the ascending aorta.

 The Crown-Shaped Annulus

The insertion of the leaflets on the aortic wall has a crown- 
shaped arrangement, with the lowest part lying slightly 
below the ventricular-arterial junction (nadir) and the highest 
part joining the STJ [3]. This arrangement guarantees the 
flexibility that would not be possible in presence of a circular 
fibrotic ring. In fact, a fibrotic “ring-like” structure, must be 
robust and rigid enough to withstand the aortic pressure. 
Such type of annulus, would have probably resulted in a 
transvalvular gradient comparable to that present across 
mechanical or biological prostheses. Conversely, a crown- 
shaped configuration allows the VAJ to expand and twist dur-
ing systolic isovolumetric contraction and the early ejection 
phase, minimizing the transvalvular gradient (Fig. 11.3).

 The Interleaflets Triangle

Because of the particular crown-shape fashion of the annu-
lus, the ventricular aspect of the aortic root is lined by three 
muscular/fibrous triangular extensions, filling the space 
between the hinge line of aortic leaflets and extending from 
the VAJ to the commissures [6]. The triangle between the left 
and right coronary leaflets is usually the smallest and is 
entirely muscular. The triangle between the left and the non- 
coronary leaflets is made up of fibrous tissue in continuity 
with the mitral-aortic curtain. The surgical relevance of this 
triangle lies in the fact that, in small aortic roots, the mitral- 
aortic continuity and the corresponding interleaflet triangle 
are the site of surgical aortic annulus enlargement to accom-
modate a larger valve prosthesis. Finally, the triangle between 
the non-coronary and right coronary leaflets, includes the 
MS which marks the site of the atrioventricular conduction 
bundle. Interestingly, all inter-leaflet triangles, while consid-
ered part of the aortic root, are subjected to ventricular 

a b c

d e f

Fig. 11.1 (a) CT image in multiplanar reconstruction showing the 
aorta (AO) wedged between the right (RA) and left (LA) atrial cavities. 
(b) CT image in three-dimensional volumetric format showing the AO 
encased in the center of the heart immediately behind the right ventricu-
lar outflow tract (RVOT). The right atrial appendage (RAA) covers the 
lateral aspect of the AO. (c) CT cross section image along the long axis 
of the RVOT, showing the AO between the ROVT anteriorly and the LA 

posteriorly. (d) CMR image in long axis view showing the space 
between the AO and LA (curved arrow) called sinus transversum (ST) 
filled with epicardial adipose tissue. (e) Three-dimensional (3D) TEE 
image showing the proximity of non-coronary sinus (NC) to the inter-
atrial septum (IAS). (f) 3D TEE image showing “en face” view of the 
IAS and the NC in cross-section
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a b

c d

Fig. 11.2 a and b: 3D TEE (a) and CT scan (b) showing the ventricular- 
arterial junction with its muscular component (blue and white double- 
headed arrows respectively), the mitral-aortic junction (red 
double-headed arrow ) and membranous septum (black double-head 
arrow). (c) CT scan image long axis view, showing the aortic root (AO) 

and the right ventricle outflow tract (RVOT). (d) Magnified image of 
the structures included in the red box of panel c. The white double- 
headed arrow marks the muscular portion extending above the nadir of 
the right coronary sinus (RCS)

a b c

Fig. 11.3 The crown shaped arrangement (dotted lines) superimposed on images provided by (a), CT “electronic cast” (b) 3D TEE and (c) 2D TEE
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 pressures. Thus, the interleaflet triangles together with the 
ventricular surfaces of the semilunar leaflets mark the 
“hemodynamic” VAJ (Fig. 11.4).

 The Sinuses of Valsalva

The sinuses of Valsalva occupy the greater part of the aortic 
root and consist of three bulges of the aortic root behind the 
leaflets. They are named according to the origin of the coro-
nary arteries and have different sizes, with the non-coronary 
sinus being the largest and the left coronary sinus being the 
smallest. The main function of the sinuses is to preserve the 
integrity of the aortic leaflets. The most peripheral layers of 
the flow generated during systole are halted at the STJ and 
forced back into the space between the leaflets and the 
sinuses creating eddy currents. These vortexes promote a 
slow motion of leaflets which approximate each other during 
late systole, so that the valve is almost closed before forward 
systolic flow is complete. When blood flow reverses in early 
diastole, the distance between the valve leaflets is minimal 
[7]. Therefore, closure of aortic leaflets occurs, at low clos-

ing speeds, with minimal hemodynamic stress and in absence 
of any back-flow leakage (Fig. 11.5).

The elastic capability of the sinuses to distend under pres-
sure, is another relevant characteristic that preserves the leaf-
lets. A cross-section in the middle of the body of the sinuses 
reveals that, in diastole, the sinuses assume a three-lobed 
arrangement. This diastolic configuration splits the aortic 
root into three almost circular subunits formed by the sinus 
and the corresponding leaflet. The “radius of curvature” of 
the three subunits is smaller than the aortic root radius in 
systole and, according to the La Place law, the stress due to 
diastolic pressure is therefore reduced and shared between 
the sinuses and the leaflets (Fig. 11.6).

 Leaflets

The aortic leaflets represent the “central piece” or the 
“working component” of the aortic root. When the leaflets 
are surgically removed, the aortic valve “de facto” is no 
longer present. The normal aortic valve has three leaflets 
with slight differences in size and shape: the non-coronary 

a b c

d e f

Fig. 11.4 (a–c) Electronic cast of the aortic root showing the three 
interleaflet triangles (asterisks). (d–f) 3D TEE longitudinal cross sec-
tions of the aortic root. The three interleaflet triangles seen on their 
ventricular aspect are marked by the asterisks (see text).LC, left coro-

nary; NC, non-coronary; RC, right coronary. Image partially modified 
from Francesco Faletra et al. in Atlas of non-invasive imaging in cardiac 
anatomy. Springer-Verlag London, 2020, page 28
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leaflet usually is the largest, and the left coronary leaflet 
the smallest. Each leaflet has a crescent shape hinge line, a 
body and an area of apposition known as lunula which cor-
responds to approximately 30% of the leaflet total area. In 
the middle of the lunula at the free margin (Fig.  11.7), 
there is a thickened nodule called the Nodule of Arantius 
(see Fig. 12.2, Chap. 12). During diastole, each leaflet, 
together with the corresponding sinus, takes the appear-
ance of a bird’s nest. The insertion line of the leaflet is 
approximately 1.5 times longer than the length of the free 
margin, and the height (base- margin) ranges between 12 
and 18 mm [3].

Histologically, the leaflets are roughly composed of three 
layers. These layers are covered, on both sides, by an endo-
thelial layer which acts as a barrier limiting inflammatory 
cell infiltration and lipid accumulation, and regulates perme-
ability and cell adhesions using paracrine signals. Below the 
endothelial layer on the aortic side, a layer of collagen fibers 
is present, with an “undulating” radial arrangement: the 
fibrosa. During the cardiac cycle, the aortic leaflets change in 

size. Specifically, their area is about 50% larger in diastole 
compared to systole. Given its particular collagen fiber 
arrangement, the fibrosa is therefore “stretched” in diastole 
and “wrinkled” in systole. On the ventricular side, elastic 
fibers predominate, and form a layer called the “ventricu-
laris”. The elastic lamina, stretching in diastole and recoiling 
in systole, helps the fibrosa to maintain its “corrugated” con-
figuration. Between the fibrosa and ventricularis, there is a 
layer of loose connective tissue known as the “spongiosa”. 
The spongiosa is made up of extracellular matrix (mainly 
sparse elastin and collagen fibers), complex glycoproteins, a 
network of nerve fibers and capillaries, and contains an array 
of different cells types, among which the most representative 
are the valvular interstitial cells (VICs). Each component of 
spongiosa confers specific physical properties. Elastin allows 
for recoil after each deformation, and glycoproteins provide 
a “lubricant” characteristic, which reduces mechanical 
stress. VICs are essential in the processes of regeneration 
and damage repair. The continuous renewal of all compo-
nents is one of the secrets of their longevity.

a b c

d e f

Fig. 11.5 (a–c) 2D TEE long axis views, showing three time points of 
the systolic phase (a) Early-systole, (b) mid-systole and (c) end-systole. 
Please note that as the forward flow through the valve (large arrow) 
progressively diminishes, the vortexes (curved arrows) approximate the 

leaflets to each-other (see text). (d–f) 2D TEE short axis views of the 
aortic leaflets. The area of the aorta is progressively smaller from early 
to end-systole. In Contrast, the space between leaflets and sinuses 
becomes larger and larger due to vortexes (non-represented)
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 The Sino-tubular Junction

The sino-tubular junction (STJ) is the most distal part of the 
aortic root, located between the aortic sinuses and the tubular 
segment of the ascending aorta. Anatomically, the STJ is 
made up of circumferentially aligned fibro-elastic lamellae 
exhibiting a mild waist more pronounced in the proximity to 
the attachments of the three commissures (Fig. 11.8). In that 

respect, the STJ is more reminiscent of an “annulus”. 
Because of the strict proximity of STJ to the commissures 
(the highest points of the crown-shaped annulus), stretching 
of the STJ (as occurs in aneurysms of the aortic root) results 
in movement of the commissures away from each other with 
consequent aortic valve insufficiency. As stated earlier, the 
STJ plays a role in generating the eddy currents that help in 
leaflet closure.

a b

c d

Fig. 11.6 3D TEE cross section in the middle of the aortic sinuses in (a and c) systole and (b and d) diastole. From this perspective it is clear that 
in diastole the sinuses assume a three-lobe arrangement (d) resulting in three sub-units with their own radius of curvature (see text)
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Fig. 11.7 (a) 3D TEE images showing the aortic leaflet in “en face” 
perspective, The black dotted line outlines the inferior border of the 
lunula, while the white dotted line the hinge line. (b) Corresponding 

anatomic specimen. Image partially modified with permission of 
Francesco F. Faletra et al. in Atlas of non-invasive imaging in cardiac 
anatomy. Springer-Verlag, London, 2020, page 30

a b

Fig. 11.8 (a) CT electronic cast and (b) 3D TEE longitudinal cross section showing the close relationship of the sinotubular junction (STJ; dotted 
line) to the commissure (asterisk) see text for details
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3DE of the Spectrum of Native Aortic 
Valve and Subvalvular Diseases 
and Pathological Correlations

Jeremy J. Thaden and Joseph F. Maalouf

 Introduction

The normal aortic valve (AV) is comprised of three thin leaf-
lets that separate the ascending aorta from the left ventricular 
cavity during diastole (Fig. 12.1). Each leaflet has a nodule 
of Arantius that resides centrally along the free margin, at the 
coaptation point of all three leaflets [1] (Fig. 12.2). The AV 
leaflets in conjunction with the aortic annulus, the sinuses of 
Valsalva, the fibrous interleaflet triangles, and the sino- 
tubular junction comprise the aortic root [1] (see Chap. 11) . 
These structures combine to form a single functional unit.

The AV leaflets are attached at their commissures to the 
sino-tubular junction in a semilunar fashion thus producing 
valve cusps and creating interleaflet triangular spaces [1] 
(Fig. 12.3). The space between the leaflet commissures and 
the adjacent aortic wall is the sinus of Valsalva (see Chap. 
11). The left and right coronary ostia typically arise from the 
left and right sinuses of Valsalva, respectively [1]. With the 
rise in recent years of TAVR and surgical AV repair in select 
patients with aortic regurgitation, there is growing interest in 
more sophisticated imaging to better visualize, understand, 
and quantify this complex geometry and the functional inter-
play of its components. 3D echocardiography provides the 

ability to image in multiple spatial planes and quantify val-
vular anatomy and pathology without geometric assump-
tions, making it well suited for evaluation of the aortic root 
complex.

 3D Echocardiography of the AV: General 
Considerations

3D echocardiographic (3DE) imaging of the AV presents a 
number of inherent challenges. Normal AV leaflets are fre-
quently subject to dropout artifact when visualized by 3DE 
[2] because they are relatively thin and much of the leaflet 
body is parallel to the ultrasound beam when visualized from 
the mid-esophagus, creating a suboptimal insonation angle 
with poor acoustic reflection (Fig. 12.4). Utilization of higher 
gain settings and 3D smoothing may be helpful to avoid 
dropout artifact when imaging the AV.

Frequently in diseased states the leaflets are thickened 
and/or calcified which can improve visualization by 3D 
echocardiography. However, the presence of severe calcifica-
tion and shadowing presents unique challenges, particularly 
when attempting to visualize anterior structures by 3D trans-
esophageal echocardiography (3D TEE).

With currently available 3D TEE systems, adequate frame 
rate and resolution can typically be obtained with single beat 
acquisition and narrowed sector widths from the mid- 
esophageal window. As with other echocardiographic imag-
ing, frequency, gains, focus, and sector size should be 
optimized prior to acquisition to highlight the subaortic 
pathology. Gains should be high enough to avoid dropout 
artifact but not too high as this can amplify acoustic noise 
and degrade image quality. In subsequent sections we will 
focus on optimizing 3DE for both qualitative and quantita-
tive assessment of AV pathology.
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 Spectrum of AV Diseases

 Acquired and Congenital AV Stenosis

AV stenosis is among the most common valve disease lesions 
in economically developed nations [3] and its incidence is 
suspected to increase as the mean age of the global popula-
tion increases. Calcific degenerative aortic stenosis most 

commonly occurs with congenitally normal trileaflet aortic 
valves (Fig. 12.5), but the process is accelerated in congeni-
tally abnormal unicuspid or bicuspid aortic valves (Figs. 12.6, 
and 12.7).

Individuals with a unicuspid valve [4] (Fig.  12.7) fre-
quently present at a young age with hemodynamically sig-
nificant aortic stenosis, but can also present with severe 
aortic regurgitation or mixed AV disease. Bicuspid valves 
also have a tendency toward stenosis but typically present 

a b

c

Fig. 12.1 Normal AV.  The AV viewed from the perspective of the 
ascending aorta during diastole (a) and systole (b). Recommended pre-
sentation of the AV is to display the valve from the perspective of the 
ascending aorta, with the right coronary cusp in the six o’clock position 
(RCC), the non-coronary cusp at ten o’clock (NCC), and the left coro-
nary cusp at two o’clock (LCC) [2]. (c) The AV as viewed by cardiac 
surgeons intraoperatively. Note that when the AV is viewed intraopera-

tively via an aortotomy the RCC is at 12 o’clock, the RCC-LCC com-
missure is at approximately 10 o’clock and the RCC-NCC commissure 
is at approximately 2 o’clock (Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved). 
IAS, interatrial septum; LA, left atrium; LCC, left coronary cusp; NCC, 
non-coronary cusp; RA, right atrium; RCC, right coronary cusp; RVOT, 
right ventricular outflow tract; TV, tricuspid valve
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with significant stenosis later in life and are frequently asso-
ciated with aortopathy and/or aortic coarctation. Quadricuspid 
AV is the least common congenital anomaly of the AV with a 
proposed incidence of only 0.006% [5] (Fig.  12.8). 
Quadricuspid aortic valves most typically are affected by 
aortic regurgitation and significant aortic stenosis is much 
less common.

In economically developed nations, acquired calcific ste-
nosis of a trileaflet valve is more common than calcific steno-
sis of a congenitally bicuspid or unicuspid valve [6]. 
Rheumatic aortic stenosis remains an important cause of AV 
stenosis in countries where rheumatic heart disease remains 
prevalent (Fig. 12.9).

Echocardiographic imaging for calcific AV disease can be 
challenging due to the frequent heavy burden of calcification 
and resultant acoustic shadowing. Because of these limita-
tions, optimal visualization of the entire aortic root may 
require more than one 3D echocardiographic volumetric 
dataset by imaging from multiple esophageal positions. The 
aortic annulus is best imaged at the level of the annular plane 
(coaxial) or slightly inferior to avoid acoustic shadowing of 
the anterior portion of the aortic annulus (see later discussion 
on 3D TEE for assessment of the aortic root pre-TAVR). 
Conversely, visualization of the tips of the aortic leaflets and 
the sinuses of Valsalva is typically best from a higher esopha-
geal window because a more inferior window will result in 
acoustic shadowing of the superior structures. Similarly, 
direct planimetry of aortic valve area is feasible in many 

patients and the leaflet tips are often better visualized from a 
slightly more superior esophageal window. Direct planime-
try of the stenotic orifice should be performed using multi-
planar reconstruction (MPR) and a dedicated quantitative 
software package (Fig. 12.10).

 Subaortic Stenosis

Subaortic stenosis is the second most common form of left 
ventricular outflow obstruction, behind valvular stenosis, 
and it is frequently associated with other congenital cardiac 
abnormalities. The anatomic cause of subvalvular obstruc-
tion is most frequently a thin membrane in the left ventricu-
lar outflow tract, but subvalvular narrowing can also be more 
diffuse and tunnel-like. Subaortic obstruction is typically 
progressive and can be associated with significant aortic val-
vular regurgitation.

Subaortic stenosis is frequently well visualized by 3D 
TEE as a circumferential or near- circumferential fibro-mus-
cular band in the left ventricular outflow tract (Figs. 12.11 
and 12.12). Direct visualization by 3D echocardiography, 
compared to 2D echocardiography, provides a more com-
plete understanding of the circumferential extent of the 
membrane (Figs. 12.11 and 12.12) and its relationship to the 
mitral valve and aortic root, which improves pre-surgical 
planning. 3D echocardiography also allows for direct pla-
nimetry of the stenotic orifice using MPR (Fig. 12.13).

a b

Fig. 12.2 Nodules of Arantius. 3D TEE TrueVue (Philips Healthcare) 
enface LA views of the mitral and aortic valves in a patient with flail 
AML A2 segment in both systole (a) and diastole (b) showing nodules 
of Arantius (arrow heads) along the free margins of the NCC (white 
arrow and arrowhead) LCC (green arrow and arrowhead) and RCC 
(yellow arrow head) and at their coaptation points (b). Orange arrows 

point to PML and blue arrows point to ruptured chordae (Used with 
permission of Mayo Foundation for Medical Education and Research. 
All rights reserved). AML, anterior mitral leaflet; LA, left atrium; LCC, 
left coronary cusp; NCC, noncoronary cusp; PML, posterior mitral leaf-
let; RCC, right coronary cusp
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a b

c

Fig. 12.3 Aortic root anatomy. (a) The AV viewed obliquely from the 
perspective of the ascending aorta shows attachment of the superior 
margins of the aortic leaflets at the sinotubular junction (blue arrows). 
(b) An en face view of the AV from the ascending aorta during diastole 
shows the boundaries of the three sinuses of Valsalva (red arrows), 
including the wall of the aorta, the aortic leaflets, and leaflet coaptation 
margins which delineate the three sinuses from each other (Images a 
and b used with permission of Mayo Foundation for Medical Education 
and Research. All rights reserved). (c) A schematic illustrating the com-
plex anatomy of the aortic root, comprised of the anatomic ventriculo- 

arterial junction (yellow circle), the sinotubular junction (blue circle), 
and the crown-like semilunar attachments of the AV leaflets to the aortic 
wall (red lines). The green circle is the virtual ring formed by joining 
the basal attachments of the aortic valve leaflets and is the site typically 
measured for valve sizing prior to TAVR insertion. Jonathon Leipsic, 
Ronen Gurvitch, Troy M. LaBounty, James K. Min, David Wood, Mark 
Johnson, Amr M. Ajlan, Namal Wijesinghe and John G. Webb. JACC: 
Cardiovascular Imaging. Volume 4, Issue 4, April 2011. AV, aortic 
valve; LA, left atrium; LC, left coronary cusp; NC, non-coronary cusp; 
RC, right coronary cusp
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 Supra Valvular Stenosis

Supra-valvular stenosis is the least common form of left ven-
tricular outflow obstruction. It is commonly associated with 
mutations in the elastin gene which results in a systemic arte-
riopathy and thickening of the media or intimal layers [7]. 
Patients typically present within the first two decades of life 

with a systolic murmur and they may present with symptoms 
similar to aortic stenosis, including dyspnea, angina, and syn-
cope. Supra-valvular aortic stenosis often occurs as an hour-
glass shaped stenosis, but the phenotype is variable and can 
range from a discrete stenosis at the level of the sinotubular 
junction to diffuse thickening and/or hypoplasia of the ascend-
ing aorta, aortic arch, and descending aorta. Because of the 

a b

c

Fig. 12.4 Dropout artifact in a congenitally bicuspid AV. A congeni-
tally bicuspid valve viewed in the conventional orientation during sys-
tole (a) and diastole (b) with fusion of the left and right coronary cusps. 
The valve is otherwise thin, noncalcified and normally functioning. 
Note the dropout artifact involving the non-coronary cusp (a and b, 
white arrows). Dropout artifact is common because normal AV leaflets 

are relatively thin and much of the aortic leaflet body is aligned with the 
ultrasound beam during diastole (c, yellow arrow), resulting in a subop-
timal insonation angle and poor acoustic reflection (c, white arrow). Ao, 
ascending aorta; AV, aortic valve; LVOT, left ventricular outflow track 
(Used with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved)
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systemic nature of this condition other great vessels are com-
monly affected, including the mesenteric arteries, the renal 
arteries, the coronary arteries, and the pulmonary arteries.

 Acquired and Congenital Aortic Regurgitation

Aortic regurgitation can result from dilatation of the aortic 
root or primary pathology related to the AV leaflets them-
selves. In economically developed countries, the most com-
mon causes of aortic regurgitation include dilation of the 
aortic root, bicuspid AV, and calcific degenerative disease. 
Rheumatic aortic disease remains an important cause of 
regurgitation in developing nations.

3D TEE, with surface rendered images and MPR, pro-
vides a more detailed understanding of the size and symme-
try of the aortic root (Figs. 12.14 and 12.15) which in some 
cases may aid in understanding the mechanism of aortic 
regurgitation.

Pre-operative TEE is utilized to determine the feasibility 
of AV repair. Surgical repair considerations include the etiol-
ogy of aortic regurgitation (e.g. restricted leaflet mobility, 
leaflet prolapse, leaflet perforation, annular dilatation, etc.) 

and specific anatomic measurements including coaptation 
length (length of leaflet apposition) and effective cusp height 
(eH, measured from the annulus plane to the tip of leaflet 
coaptation in diastole). Because the ultrasound beam on 2D 
imaging of the AV is in an obligatory anteroposterior trajec-
tory, only the eH of the right coronary cusp can be obtained 
and “off axis” measurements are not possible. With 3D 
 echocardiography, MPR overcomes this limitation by correct 
alignment of the ultrasound beam with the anatomy of inter-
est thus allowing accurate measurements of the eH of all 
three cusps (Figs. 12.16, 12.17, 12.18, and 12.19) and their 
coaptation lengths [8] . 3D TEE with MPR may also help to 
more precisely visualize prolapse of certain AV segments 
that are not well seen in available 2D imaging planes. The 
presence of calcification (whether affecting a cusp or a 
raphe) is critical to evaluate since optimal repair results occur 
in valves with minimal or no calcification.

In the future, 3D echocardiography may also improve the 
quantitation of aortic regurgitation. Direct planimetry of the 
3D color Doppler vena contracta (Fig. 12.20) and 3D quanti-
tative Doppler have the potential to more accurately quantify 
regurgitant orifice area and regurgitant volume to improve 
risk stratification and patient care [9, 10].

a b

Fig. 12.5 Degenerative/calcific aortic stenosis in a trileaflet AV. (a, b) 
Bulky calcification of the body of the aortic leaflets is appreciated when 
viewed from the perspective of the ascending aorta in patients with 
degenerative aortic stenosis. Mobile components may be present and in 
the absence of infection may represent mobile fragments of calcium or 

in other cases structural valve degeneration, such as torn AV fenestra-
tions (b, blue arrow) (Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved). AV, aortic valve; 
LA, left atrium; L, left coronary cusp; N, non-coronary cusp; R, right 
coronary cusp
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 AV Endocarditis

The AV is involved in close to 40% of patients with infective 
endocarditis. Depending on the organism involved and host 
factors, clinical presentation may vary between subacute 
with symptoms of low-grade infection or acute with severe 
febrile illness rapidly progressing to congestive heart failure 
and potentially complicated by systemic embolism, paraval-

vular extension of infection, or complete heart block. 
Although echocardiography cannot make a pathologic diag-
nosis, echocardiographic findings consistent with a vegeta-
tion are included as a major criteria for the clinical diagnosis 
of infective endocarditis.

Vegetations involving the AV are most commonly attached 
to the ventricular aspect of the valve, are frequently irregu-
larly shaped, and they typically move with the AV, but have 
their own independent oscillatory motion. Additional 

a b

c d

Fig. 12.6 Heterogeneous valve morphology in congenitally bicuspid 
AV disease. (a) Accelerated calcification with progressive AS is com-
monly present in patients with congenital AS.  In this case a heavily 
calcified raphe is noted on the conjoined left-right coronary cusp (a, 
blue arrow). (b) A congenitally bicuspid AV with mild thickening but 
minimal calcification and relatively preserved leaflet excursion (b, yel-
low arrows). (c) A congenitally bicuspid valve with two relatively equal 

size leaflets and bulky, asymmetric calcification seen posteriorly (c, red 
arrows) along with leaflet thickening resulting in AS. (d) The pathologi-
cal correlate to Panel C following surgical excision showing asymmet-
ric calcification (d, red arrows) (Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved). 
AS, aortic stenosis; AV, aortic valve; LA, left atrium
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a b

c d

e f

Fig. 12.7 54 year old man with unicuspid AV. 3D TEE Enface views 
of AV from aortic perspective in diastole (a, b) and systole (c) showing 
a single thick commissure (white arrows) and a calcified ridge (yellow 
arrow). There is central malcoaptation in diastole (orange arrow) with 
severe regurgitation on CFD (b) that is both central (orange arrow) and 
cusp related (red arrow). Intraoperative view of the valve oriented to 
match the 3D view (d) and as viewed by the surgeon (e) shows the 

thickened commissure (dark blue arrows), white arrow points to posi-
tion of RCA ostium). The explanted valve in (f) shows site of commis-
sure (yellow arrow) and calcification (dark blue arrows) seen on 3D 
(Used with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved). A, anterior; AV, aortic valve; CFD, color 
flow Doppler; L, left; LA, left atrium; P, posterior; R, right; RCA, right 
coronary artery
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 findings which are not necessary for the diagnosis, but are 
supportive include destruction of the AV leaflets, cusp perfo-
ration, evidence of perivalvular extension or abscess forma-
tion, and pseudoaneurysm formation.

3D TEE is often helpful to clarify the location and num-
ber of vegetations and also provides a more comprehensive 
understanding of cusp involvement and valve destruction 
(Figs. 12.21, 12.22, and 12.23; see also Chap. 17).

In the setting of AV endocarditis the leaflets are often 
thickened which aids in visualization of the valve by 3D TEE 
by reducing dropout artifact. However, 3D color Doppler 
imaging is necessary to confirm flow through observed cusp 
defects, thus differentiating true perforations from dropout 
artifact (Figs. 12.21 and 12.23). 3D TEE can also be helpful 
to better characterize complex perivalvular extension and 
pseudoaneurysm and more precisely localize mobile vegeta-

a b

c

Fig. 12.8 Quadricuspid AV in a patient with severe aortic regurgita-
tion. TEE prior to AV replacement for severe aortic regurgitation reveals 
a quadricuspid AV with four clearly defined leaflets (a, red arrows). 3D 
images examined during systole show partial fusion of the cusp in the 

non-coronary position (b, blue arrow) and this is confirmed on gross 
inspection of the valve at the time of operation (c, blue arrow) (Used 
with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved). AV, aortic valve; LA, left atrium
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tions and their proximity to critical structures such as the 
coronary artery ostia.

 Tumors and Masses Involving the AV (See Also 
Chap. 26)

The two most common AV masses encountered in routine 
clinical practice are papillary fibroelastoma and Lambl’s 
excrescence (Figs.  12.24 and 12.25). Additional consider-
ations in the appropriate clinical scenario include infective 
endocarditis (discussed above) and nonbacterial thrombotic 
endocarditis. 3D TEE provides a robust characterization of 
the size and morphology of AV masses (Figs.  12.24 and 
12.25). Particularly when there are multiple small masses, 

3D TEE can often better delineate their location and number 
which in some cases can help narrow the differential 
diagnosis.

The aortic annulus and valve leaflets are dynamic struc-
tures, which require adequate frame rates for optimal 
 visualization. Accordingly, it is important to optimize image 
settings to maximize frame rate for 3D TEE prior to image 
acquisition. In clinical practice this is most easily achieved by 
narrowing the sector size, acquiring the dataset in a zoomed 
view, and/or performing a multi-beat acquisition. As discussed 
above, there is often difficulty with dropout  artifact in the body 
of the aortic leaflets, but frequently AV masses are directed 
more perpendicular to the ultrasound beam (when viewed 
from the mid-esophagus) and therefore, dropout artifact is not 
typically a major limitation when visualizing these masses.

a b c

d e
f

Fig. 12.9 Typical echocardiographic and pathologic findings for 
degenerative and rheumatic aortic stenosis. Panels a–c show typical 
features of calcific or degenerative AV stenosis, characterized by bulky 
calcification of the body of the aortic leaflets and relative sparing of the 
AV commissures (b, red arrows). Panel c is the pathologic correlate for 
panels a and b. Panels d–f show typical features of rheumatic aortic 

stenosis, which typically involves thickening of the aortic leaflet tips (d, 
white arrows) and commissural fusion (e, red arrows). Panel f is the 
pathologic correlate for Panels d and e (Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved). 
Ao, ascending aorta; AV, aortic valve; L, left coronary cusp; LVOT, left 
ventricular outflow track; N, non-coronary cusp; R, right coronary cusp
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a b

c d

Fig. 12.10 Direct planimetry of aortic valve area by MPR. A 3D volu-
metric dataset of the aortic root is opened in the MPR software package 
and a mid-systolic frame is selected. An en face view of the stenotic 
orifice for direct planimetry (yellow arrow, b) is achieved by aligning 
the red plane in the two corresponding long axis views of the left ven-

tricular outflow tract and aortic root (red lines, a and c) (Used with 
permission of Mayo Foundation for Medical Education and Research. 
All rights reserved). Abbreviations: Ao, ascending aorta; LA, left 
atrium; LVOT, left ventricular outflow tract; MPR, multiplanar 
reconstruction
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 3D TEE for Assessment of the Aortic Root 
Pre-TAVR

Under-sizing of the aortic annulus prior to transcatheter AV 
insertion is a risk factor for significant paravalvular regurgi-
tation post-procedure [11–13]. Previous studies have demon-
strated that the aortic annulus is not typically circular, but 
elliptical and can be irregularly shaped (Fig. 12.26).

As such, 3D assessment of the aortic annulus has been 
shown to be superior to 2D measurement of the aortic annu-

lus and 3D TEE has been shown to be equivalent to CT in 
experienced hands [12]. 3D TEE can be used to accurately 
measure aortic annular area and circumference, height to the 
coronary ostia, sinus of Valsalva dimensions, and sino- 
tubular junction diameter.

Obtaining a high quality 3D volumetric data set is the first 
step for accurate assessment and quantitation of the aortic 
root. The 3D dataset should be obtained from the mid- 
esophageal window at a level that is coaxial or slightly infe-
rior (caudal) to the plane of the aortic root. If the dataset is 

a b

Fig. 12.11 Subaortic membrane visualization by 3D echocardiogra-
phy. A thin, near-circumferential subaortic membrane (a and b, blue 
arrows) is seen from the perspective of the left ventricular outflow tract 
(a) and the ascending aorta as viewed through the AV during systole (b, 

blue arrow) (Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved). AV, aortic valve; LA, left 
atrium; MV, mitral valve and mitral-aortic continuity

a b

Fig. 12.12 (a) Another subaortic membrane (white arrows) as viewed 
from ascending aorta after cropping off most of the AV (dark blue 
arrow). Note the non-uniform circumferential extent of the membrane. 
(b) Intraop photo of the resected membrane (Used with permission of 

Mayo Foundation for Medical Education and Research. All rights 
reserved). A, anterior; AV, aortic valve; L, left; LA, left atrium; P, pos-
terior; R, right; RA, right atrium
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Fig. 12.13 Direct planimetry of subaortic stenosis by MPR. A short 
axis view of a subaortic membrane is created by aligning with the plane 
of the membrane in a double-oblique technique using two orthogonal 
views of the left ventricular outflow tract (upper and lower left panels, 
red arrows). Planimetry of the stenotic orifice can be performed in the 

short axis image (upper right panel, yellow arrow) (Used with permis-
sion of Mayo Foundation for Medical Education and Research. All 
rights reserved). Ao, ascending aorta; LA, left atrium; LV, left ventricle; 
MPR, multiplanar reconstruction; RVOT, right ventricular outflow tract

a b

Fig. 12.14 Aortic root assessment by 3D TEE with MPR in a patient 
with Marfan syndrome and typical aortic root pathologic findings. 
There is symmetric enlargement of the sinuses of Valsalva with efface-
ment of the sino-tubular junction and relatively early tapering of the 
ascending aorta to normal diameter. MPR (a) allows coplanar align-

ment with the sinuses of Valsalva and aortic root measurements (b) 
similar to cardiac CT or MRI (Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved). 
MPR, multiplanar reconstruction
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a b

Fig. 12.15 3D TEE for asymmetric sinus of Valsalva enlargement. The 
sinus of Valsalva diameter measured by 2D TEE from a conventional 
long axis view is 4.7 cm (a). Using a 3D TEE dataset and MPR (b), the 
imaging plane is aligned with the sinuses of Valsalva in two long axis 
views of the aortic root (red lines, left upper and lower panels) which 
provides a short axis view of the sinuses and demonstrates asymmetric 
enlargement of left sinus of Valsalva (b, right upper panel) which was 

not as well appreciated on available 2D imaging planes. By 3D TEE 
(b), the maximum sinus of Valsalva diameter measures 5.1 cm between 
the left and right coronary sinuses of Valsalva (yellow arrow, right 
upper panel) (Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved). Ao, aorta; LA, left atrium; 
LVOT, left ventricular outflow track; MPR, multiplanar reconstruction

Normal

Annulus

eH

Prolapse

Fig. 12.16 Schematic diagram of normal aortic leaflet effective height 
(eH) on the left and AV prolapse on the right with reduced eH due to 
valve prolapse (black double arrow) and decreased coaptation length 
(blue double arrow). Adapted from le Polain de Waroux JB, Pouleur 

AC, Robert A et al. Mechanisms of recurrent aortic regurgitation after 
AV repair: predictive value of intraoperative transesophageal echocar-
diography. JACC Cardiovasc Imaging 2009;2:931–9 [8]. AV, aortic 
valve; eH, effective height
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acquired from a higher esophageal window the calcified 
valve can cause acoustic shadowing of the anterior aortic 
annulus which makes measurement challenging (Fig. 12.27). 
Ideally, one should avoid a multi-beat acquisition for annular 
sizing as unrecognized stitch artifact could render measure-
ments inaccurate. It is therefore important to narrow the sec-
tor size for single beat (live 3D) full volume acquisition or if 
the dataset is acquired in a zoomed mode to achieve adequate 
frame rate; in general, 10 frames/s provide adequate systolic 
frames for analysis.

Measurement of the aortic annulus area and circumfer-
ence are most accurately performed using MPR on the previ-
ously acquired dataset. Recently, some vendors have 
developed automated software to measure the aortic annulus 
while other systems require manual measurement and both 
methods have been shown to correlate well with cardiac CT 
[12–14] (Fig.  12.28). Even with automated measurements, 
care must be taken to confirm the accuracy of the measure-
ment and manually adjust as necessary.

Although the details of manual measurement vary slightly 
according to the vendor software used, the principles neces-
sary to produce accurate and reproducible results are similar. 

Here is our recommendation for manual planimetry of the 
aortic annulus:

 1. Obtain a high quality, single beat 3D volumetric dataset 
of the aortic root, including the left ventricular outflow 
tract to the sino-tubular junction with careful attention to 
avoid acoustic shadowing of the anterior aortic annulus.

 2. Open the appropriate software package with MPR and 
quantitative measurement capability.

 3. Optimize gains and magnify/zoom on the aortic root if 
necessary.

 4. Identify a systolic frame (preferably mid-systole) where 
the complete circumference of the aortic annulus is well 
visualized.

 5. Designate the MPR plane which will be used for the aor-
tic annulus measurement and align that plane so that it is 
roughly coplanar with the aortic annulus.

 6. Rotate the designated plane axially to make fine adjust-
ments in the position by aligning this plane with the nadir 
(most inferior position) of each of the 3 aortic cusps.

 7. Use direct planimetry to measure aortic annular area and 
circumference.

a b

Fig. 12.17 x-Plane of AV in systole (a) and diastole (b). The tilt cursor 
(a, yellow arrows) cuts through the NC close to the commissure that 
separates it from the LC, and bisects the body of the RC (white arrow). 
The corresponding image in the long axis of the ascending aorta (Ao) 
shows the fully open RC (white arrow). b, The RC (white arrow) eH 

(solid red line) is measured from plane of aortic valve annulus (solid 
white line) (Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved). Ao, ascending aorta; AV, 
aortic valve; LA, left atrium; LC, left coronary cusp; NC, non-coronary 
cusp; RC, right coronary cusp
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a b

c

d

Fig. 12.18 Live single beat FV AV in systole (a) and diastole (b). 
MPR AV (c, d) shows the red plane (red line and arrow) bisecting the 
body of the RC and through the interleaflet trigone between the non and 
left coronary cusps (dark blue arrow) in both systole (c, left) and dias-
tole (d, left) with corresponding images of the RC (white arrows) in the 
orthogonal 2D long-axis AV and ascending aorta planes (c and D, 

right). Blue and green arrows point to the orthogonal blue and green 
planes (Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved). A, anterior; AV, aortic 
valve; FV, Full Volume; LA, left atrium; LC, left coronary cusp; MPR, 
multiplanar reconstruction; NC, non-coronary cusp; P, posterior; RC, 
right coronary cusp

 8. Rotate the designated plane axially again, using the 
orthogonal (long axis) views of the aortic annulus to con-
firm the accuracy of the aortic annular points.

Additional measurements including aortic annular mini-
mum and maximum diameter, distance to the coronary ostia, 
sinus of Valsalva diameter, and sino-tubular junction diame-
ter are highly feasible and best done within an MPR pack-

age. In our experience we have found that this technique is 
highly feasible and reproducible in the majority of patients 
when done by an experienced operator. Poor feasibility is 
occasionally seen in patients with poor acoustic windows 
and poor echocardiographic image quality or in those with 
heavy calcification of the subvalvular left ventricular outflow 
tract, particularly if it involves the aorto-mitral continuity as 
this can cause acoustic shadowing of the aortic annulus.
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Fig. 12.19 Effective height non-coronary and left coronary cusps. 
Using the same approach as shown in Fig. 12.18. eH measurements for 
both left (a–c) and non-coronary (d–f) cusps can be obtained. (a) MPR 
of AV with focus on left coronary cusp. Red plane (red arrow, upper 
left) is directed through middle of body of the left coronary cusp and 
through the interleaflet trigone separating the right and non-coronary 
cusps (a, b). Left cusp (orange arrow) is identified by intersection of red 
plane (red line and arrow) with AV in the blue transverse plane (blue 
box, left lower quadrant a and c) allowing measurement of eH (orange 
line, c) from plane of aortic annulus (white line, c). (d) MPR of AV with 
focus on non-coronary cusp. Red plane (red arrow, upper left) is 
directed through middle of body of the non-coronary cusp and through 
the interleaflet trigone separating the right and left coronary cusps (d, 
e). Non-coronary cusp (yellow arrow) is identified by intersection of 

red plane (red line and arrow) with AV in the blue transverse plane (blue 
box, left lower quadrant d and f) allowing measurement of eH (dashed 
orange line, f) from plane of aortic annulus (white line, f). The antero-
posterior trajectory of the green plane (green line and arrows) is deter-
mined from the long-axis 2D view of the AV and ascending aorta in the 
red box in right upper quadrants of a and d. Note that the non-coronary 
cusp is posterior to the left coronary cusp. Also note that the blue plane 
(blue lines and arrows) cuts across the left and non-coronary cusps only 
(Used with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved). A, anterior; AV, aortic valve; eH, effec-
tive height; LA, left atrium; LC, left coronary cusp; MPR, multiplanar 
reconstruction; NC, non-coronary cusp; P, posterior; RC, right coronary 
cusp

a

b
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c

d

e

Fig. 12.19 (continued)
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f

Fig. 12.19 (continued)

a b

c d

Fig. 12.20 3D color Doppler vena contracta area for aortic regurgita-
tion. Three orthogonal views of an AV regurgitant jet are shown (a–c). 
By aligning the red plane in 2 orthogonal views of the vena contracta (a 
and c, red lines), a short axis view of the vena contracta area is created 

(b, yellow arrow) for direct planimetry. A cropped version of the 3D 
color Doppler volumetric dataset is shown in d (Used with permission 
of Mayo Foundation for Medical Education and Research. All rights 
reserved)
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a b

c

Fig. 12.21 AV endocarditis with severe valve destruction. A patient 
with acute bacterial endocarditis related to Corynebacterium pseudo-
diphtheriticum with extensive AV destruction. Viewed from the ascend-
ing aorta (a), there is very little remaining non-coronary cusp tissue 
(blue arrows, a) and there is a large perforation in the left coronary. cusp 
(red arrows, a) with severe regurgitation confirmed by 3D color Doppler 

imaging (b). The large vegetations adherent to the left coronary cusp 
are seen in cross section of the LVOT and aortic root (yellow arrows, c) 
(Used with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved). AV, aortic valve; LVOT, left ventricular 
outflow tract
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a b c

Fig. 12.22 AV endocarditis. A patient with AV endocarditis caused by 
Enterococcus faecalis viewed in systole (a), diastole (b), and diastole 
with 3D color Doppler to evaluate for valvular regurgitation (c). Note the 
thickened leaflets, in particular the free margin of the non-coronary cusp 
(black arrows, a, b) and the AV vegetation attached to the right coronary 

cusp (red arrow, a). The left and portions of the right coronary cusp have 
a “moth-eaten” appearance due to leaflet destruction related to the endo-
carditis (yellow arrow, b). Color flow Doppler confirms regurgitation 
through these defects (c) (Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved). AV, aortic valve

a b

c d

Fig. 12.23 Post AV endocarditis. Top panel: 2D TEE short-axis AV (a) 
not showing any apparent pathology . white, yellow, and orange arrows 
point to the RCC, LCC, and NCC respectively. Significant AR (white 
arrows) seen on color flow Doppler (b). (c) Live 3D of the same view 
shown in a. The added depth provided by 3D unmasks extensive destruc-
tion of the LCC (red arrows) and a perforation in the NCC (dark blue 

arrow). These findings are confirmed on 3D color Doppler imaging (d) 
that shows regurgitant flow through the observed defects (Used with per-
mission of Mayo Foundation for Medical Education and Research. All 
rights reserved). A, anterior; AV, aortic valve; L, left; LA, left atrium; 
LCC, left coronary cusp; NCC, non coronary cusp; P, posterior; R, right; 
RA, right atrium; RCC, right coronary cusp
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a b

c d

Fig. 12.24 3D TEE of AV masses. (a, b) A small papillary fibroelas-
toma is seen attached to the non-coronary cusp of the AV by 2D (a, red 
arrow) and 3D TEE (b, red arrow). Papillary fibroelastomas are most 
commonly attached to the aortic surface of the valve and typically have 
a “pom-pom” appearance by echocardiography with a short stalk and 
multiple small fronds of varying length. (c, d) A Lambl’s excrescence is 

seen on the AV by 2D (c, blue arrow) and 3D (d, blue arrow) echocar-
diography. Lambl’s excrescence are commonly seen as small, linear 
mobile echo-densities adherent to the AV (Used with permission of 
Mayo Foundation for Medical Education and Research. All rights 
reserved). Ao, ascending aorta; LA, left atrium; LVOT, left ventricular 
outflow track
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a b

c d

e f

Fig. 12.25 3D TEE of AV masses. Top panel: Papillary fibroelastoma 
in NC using standard 3D vision (a, arrow), and after adding a virtual 
light source (b, TrueVue; Philips Healthcare, arrow). Note the smooth 
and well-rounded appearance. (c, d) 2D long-axis AV view of another 
RC Papillary fibroelastoma (c, white arrow) and corresponding 3D 
short-axis view in TrueVue (d, dark blue arrow). (e) Ruptured papillary 

muscle prolapsing through the AV (e, arrow) simulating an AV mass, and 
intraoperative appearance (f, arrow) (Images a, c, d, e, and f used with 
permission of Mayo Foundation for Medical Education and Research. 
All rights reserved.) A, anterior; Ao, ascending aorta; AV, aortic valve; P, 
posterior; L, left; LA, left atrium; LC, left coronary cusp; NC, non coro-
nary cusp; R, right; RA, right atrium; RC, right coronary cusp
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a b c

Fig. 12.26 Elliptical shape of the aortic annulus and left ventricular 
outflow tract. A 2D long axis view of the left ventricular outflow tract is 
shown in the upper panel and multiple corresponding tomographic 
slices of the outflow tract derived from a 3D TEE dataset are shown in 
a–c. Typically, the left ventricular outflow tract becomes progressively 
more elliptical and irregularly shaped when moving from the aortic 

annulus (c) toward the left ventricle (a, b). Even at the level of the aortic 
annulus the aortic root is elliptical (c), highlighting the challenge of 
properly sizing the aortic annulus by a single 2D linear dimension 
(Used with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved). LA, left atrium; LVOT, left ventricular 
outflow tract
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a b

c d

Fig. 12.27 Optimizing 3D TEE acquisition for aortic annulus mea-
surement: avoiding acoustic shadowing. 3D TEE full volume acquisi-
tions are shown in the same patient from two different positions in the 
esophagus. Panels a and b are from a superior esophageal window. 
Bulky calcification of the AV leaflets results in acoustic shadowing of 
the anterior aortic annulus and left ventricular outflow tract (a, red 
arrow). In panel b a short axis view demonstrates the acoustic shadow-
ing (red arrows) which makes precise measurement more challenging. 

Panels c and d show a 3D acquisition in the same patient from a more 
inferior esophageal transducer position, thus avoiding the calcium on 
the AV leaflets and resolving the acoustic shadowing (c, yellow arrow). 
Panel d shows the aortic annulus in short axis view and improved visu-
alization of the anterior border (yellow arrows) from the more inferior 
transducer position which improves the confidence in the measurement 
(Used with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved)
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Fig. 12.28 MPR for aortic annulus measurement. Three orthogonal 
planes bisecting the aortic root are shown. The plane of the aortic annu-
lus is shown in two orthogonal long axis views in the upper left and 
lower left panels. Direct planimetry of the annulus is then performed to 
obtain annular area and perimeter for transcatheter AV sizing (upper 

right panel) (Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved). Ann, aortic annulus; Ao, 
ascending aorta; AV, aortic valve; LA, left atrium; LVOT, left ventricu-
lar outflow tract
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Correlation of 3DE with CT and MRI 
in the Diagnosis and Assessment 
of Valvular Heart Disease and New 
Trends

Prajwal Reddy, Htin Aung, Nandan S. Anavekar, 
and Thomas A. Foley

Echocardiography remains the first line assessment in the 
clinical evaluation of VHD [1, 2]. Well established guide-
lines exist for severity, ventricular function, and chamber 
enlargement primarily relying on echocardiographic data 
[3, 4]. Cardiac CT and Cardiac MR (CMR) are increas-
ingly used as adjunct tests in the multi-modality evalua-
tion of VHD.  The role of CT specifically has expanded 
with the advances in percutaneous interventional thera-
pies and provides valuable information for pre-procedural 
planning including anatomic sizing, feasibility of percuta-
neous procedures, functional assessment of severity and 
mechanism [5].

In mitral valve prolapse, identification of prolapsed and 
flail segments can be difficult to visualize via echocardiogra-
phy. Pre-operative assessment with CT can be used in pre-
dicting suitability for repair before surgery with leaflet 
thickening and calcification as predictors of valve replace-
ment (Figs. 13.1, 13.2, 13.3) [6].

In low risk patients with mitral valve prolapse and regur-
gitation necessitating surgery, CT can provide the coronary 
evaluation avoiding the need for pre-operative invasive coro-
nary angiography (Fig. 13.4).

P. Reddy · H. Aung 
Cardiovascular Disease, Mayo Clinic, Rochester, MN, USA
e-mail: reddy.prajwal@mayo.edu; aung.htin@mayo.edu 

N. S. Anavekar 
Professor of Medicine, Mayo Clinic College of Medicine; 
Consultant, Department of Cardiovascular Medicine, Mayo Clinic, 
Rochester, MN, USA
e-mail: Anavekar.Nandan@mayo.edu 

T. A. Foley (*) 
Assistant Professor of Radiology, Mayo Clinic College of 
Medicine; Consultant, Division of Cardiovascular Radiology, 
Department of Radiology, Mayo Clinic,  
Rochester, MN, USA
e-mail: Foley.Thomas@mayo.edu

13

a

b

Fig. 13.1 Multi-planar reconstruction in cardiac computed tomogra-
phy for assessment of mitral valve prolapse. (a): Diagnostic image of 
mitral valve leaflet prolapse (arrows) in the three-chamber view. (b): 
The corresponding short axis view. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. 
LA, left atrium; LV, left ventricle
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CT plays a vital role in percutaneous valve therapies, 
such as annular measurements which are highly reproduc-
ible and are used for transcatheter heart valve sizing [7]. 
Moreover, CT offers assessment of vascular access sites 
and evaluation of the coronary arteries (Figs. 13.5 and 13.6) 
[8]. Similarly, CT offers a wealth of information with the 
advent of percutaneous mitral valve replacement. Cross 
sectional imaging aids in determining: mitral annular size 
and geometry; the characterization of the landing zone, 

specifically assessing mitral annular calcification; predic-
tion of left ventricular outflow tract (LVOT) or coronary 
obstruction risk; predicting fluoroscopic angles that are 
coplanar with the mitral annulus, and access planning 
(Figs.  13.7, 13.8, and 13.9) [5, 6]. Cardiac CT has also 
cemented a role in pre-procedural assessment for transcath-
eter aortic valve replacements (TAVR). Figures  13.10, 
13.11, 13.12, and 13.13 highlight the typical imaging pro-
tocol prior to TAVR.

Fig. 13.2 Cardiac magnetic resonance image of the heart in the three- 
chamber view. The steady-state free precession images demonstrate 
severe mitral valve leaflet prolapse (white arrow heads) and mitral 

annular disjunction (yellow arrow). Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. 
Ao, ascending aorta; LA, left atrium; LV, left ventricle

a b

Fig. 13.3 (a and b): Multi-planar reconstruction in cardiac computed 
tomography demonstrates the flail middle (P2) segment (a, arrow) of 
the posterior leaflet of the mitral valve and corresponding short-axis 

view (b). Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved
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Fig. 13.4 Curve planar reformatted images demonstrating coronary artery anatomy (arrows). Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved

a b

Fig. 13.5 (a): CT angiography of the abdomen and pelvis with curved 
planar reformatted images of the aorto-iliac arteries. (b): Delayed- 
phase CT angiography of the abdomen and pelvis with curved planar 

reformatted images of the iliac veins and the inferior vena cava. Used 
with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved
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Fig. 13.6 Three-dimensional volume tracing of the abdominal aorta 
and the iliofemoral arteries along with the iliofemoral veins in the infe-
rior vena cava. Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved

Fig. 13.7 Multi-planar reconstruction in cardiac computed tomography demonstrating severe mitral annular calcification (arrows). Used with 
permission of Mayo Foundation for Medical Education and Research. All rights reserved. LA, left atrium; LV, left ventricle

Echocardiography offers a real-time hemodynamic 
assessment of severity; however suboptimal echocardio-
graphic views can lead to discrepant severity parameters. 
Multiple VHD guidelines have suggested the use of CMR in 
these situations [3, 4]. The reproducibility of ventricular 
volumes, measurement of regurgitant volumes, and assess-
ment of myocardial fibrosis has the potential to amend our 
current guidelines for intervention [9]. Moreover, cardiac 
MRI offers a more accurate evaluation of right ventricular 
systolic function and size which often is difficult to assess 
with 2D transthoracic echocardiograms. Accurate RV 
assessment could be instrumental as guidelines and inter-
ventions target the tricuspid valve. More investigation is 
needed to validate specific CMR thresholds of mitral regur-
gitation severity and ventricular dimensions in both primary 
and secondary MR with outcome data [3–5]. Multi-modality 
imaging offers the hope of harnessing the strengths of each 
imaging modality in identifying optimal time for valve 
intervention.
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Fig. 13.8 Cardiac magnetic resonance images of the heart in the three- 
chamber, four-chamber, and short-axis views. The steady-state free pre-
cession images demonstrate severe mitral annular calcifications 

(arrows). Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. LA, left atrium; LV, left 
ventricle

a b

c

Fig. 13.9 Multiplanar cardiac computed tomography for mitral valve 
sizing prior to transcatheter mitral valve replacement. Proprietary soft-
ware utilized for the measurement of mitral valve annular area (a and b) 
along with measurement of the neo-left ventricular outflow tract (c, 

white arrows) following placement of a virtual valve (yellow arrows). 
The measurements are performed in systolic and diastolic phases. Used 
with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved
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Fig. 13.10 Multiplanar cardiac computed tomography of the heart for 
planning transcatheter aortic valve replacement. Best systolic phase is 
obtained when the aortic valve is at its greatest area. The aortic valve 

annular area (arrow) is measured at the lowest points of the coronary 
cusps. Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved
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Fig. 13.11 Four millimeters below the aortic valve annulus, the left ventricular outflow tract area (arrow) is measured. Used with permission of 
Mayo Foundation for Medical Education and Research. All rights reserved
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Fig. 13.12 Following measurements of the aortic valve annular and 
the left ventricular outflow tract areas, the heights of the left main coro-
nary artery (white arrow) and the right coronary artery (yellow arrow) 
are measured from the level of the aortic valve annulus. The sinotubular 

junction height (orange arrow) as well as the diameter of the sinotubular 
junction (blue arrow) are also measured. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved
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Aortic Valve Planes

Measurements Diameter Units
(mm)

Aortic Root

Aortic Valve Plane N-R-L

Aortic Valve Plane at LAO 0

Aortic Valve Plane at LAO 10

Aortic Valve Plane at RAO 10

a = Distance from annulus to left main coronary

b = Distance from annulus to RCA

c Sinuses of Valsalva

c1 = Right coronary sinus to left-non commissure.

c2 = Left coronary sinus to right-non commissure.

c5 = Left coronary sinus to non-coronary sinus.

c3 = Noncoronary sinus to right-left commissure.

c4= Right coronary sinus to left coronary sinus.

c6 = Non-coronary sinus to right coronary sinus.

Annulus Distance

LVOT Distance

d = Sinotubular junction

e = Aortic annulus to innominate

LAO 6, CAU 17

LAO 1, CAU 26

LAO 10, CAU 11

RAO 10, CAU 39

12.1

14.0

31.5

33.9

35.4

33.0

38.4

36.7

30.8 × 20.7

33.1 × 23.9

29.0

100

Fig. 13.13 Typical report 
format for the measurements 
that are performed for a 
cardiac computed tomography 
protocol in planning 
transcatheter aortic valve 
replacement for the cardiac 
portion. Similar to the mitral 
valve prolapse protocol, an 
abdomen/pelvis CT 
angiogram is also performed 
concomitantly. However, a 
delayed phase is not 
necessary for the pre-TAVR 
protocol, but measurements of 
the abdominal aorta and the 
iliofemoral arterial diameters 
are performed. Used with 
permission of Mayo 
Foundation for Medical 
Education and Research. All 
rights reserved
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3DE Appearance of the Different Types 
of Normal Mechanical and Biological 
Valves

Sushil Allen Luis and Joseph F. Maalouf

 Introduction

Cardiac valve prostheses should be carefully assessed by 
both 2D and 3D echocardiography for evaluation of pros-
thetic valve function [1]. A clear appreciation of normal 
prosthesis morphology and occluder mechanism of different 
prosthesis types (Fig. 14.1) is a prerequisite for the evalua-
tion of prosthetic valve dysfunction. As will be illustrated in 
this chapter, 3D transesophageal echocardiography (3D 
TEE) adds incremental value to valve prosthesis assessment 
by 2D echocardiography (2DE) alone, particularly for mitral 
prostheses analogous to imaging of the native mitral valve. 
By providing a panoramic view of the valve prosthesis and 
surrounding bed, from a single imaging window, prosthesis 
morphology including subtle findings that cannot be seen on 
2DE, and prosthesis occluder mechanism including spatial 
orientation can be better appreciated. A comprehensive 
understanding of normal prosthetic valve anatomy and func-
tion, in conjunction with their 3D TEE appearances, is there-
fore, essential to understand and identify pathologic states. 
Heart valve prostheses can be classified into mechanical 
(bileaflet, tilting disk, and ball-and-cage), surgical biologic 
valves (stented, unstented or homografts), and transcathter 
bioprosthetic valves. For patients who undergo, mitral valve 

repair, the annuloplasty band or ring can also be readily 
appreciated on 3D echocardiography.

With 3D TEE, the sewing ring of surgical mitral prosthe-
ses can be readily imaged and normal occluder mechanism 
ascertained (Figs. 14.2 and 14.3). All mechanical prostheses 
have built in mild regurgitation (commonly referred to as 
washing or closing jets) to minimize the risk of valve throm-
bosis. And, each mechanical prosthesis type has its own dis-
tinctive built in regurgitation appearance that is readily 
appreciated on 3DE and serves as the prosthesis type finger-
print. Mild prosthetic regurgitation can be observed with 
some bioprostheses.

 Mechanical Heart Valves

 Bileaflet Valves

Bileaflet mechanical valves are currently the most com-
monly implanted heart valve prostheses, with the best 
hemodynamic performance of all cardiac valve prostheses 
available. Bileaflet prostheses consist of two semicircular 
disc occluders each attached to a rigid circular annular 
ring by two small hinges (Fig. 14.1). Valve leaflets open to 
an angle of 75–90° relative to the annular plane, with a 
smaller slit like central orifice and two larger semicircular 
orifices (Fig. 14.2). Normal built-in regurgitation consists 
of a small central jet (from regurgitation between the two 
occluder disc leaflets) and two or more small peripheral 
jets (from regurgitation that occurs between the occluder 
disc leaflets and adjacent sewing ring). Additional trivial 
regurgitation can occur at the hinges of the occluders. 
They are all referred to as washing or closing jets 
(Fig. 14.2).

Bileaflet prostheses vary according to placement of the 
prosthesis within or above the native valve annulus. Intra- 
annular valves include the St. Jude standard and 
Carbomedics standard valves, and supra-annular valves 
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Fig. 14.1 (a) Schematic diagram of Starr-Edwards caged-ball. The 
silastic ball occluder (dark blue arrows) is contained within cage metal 
struts (red arrows). (b, c) Mechanical bileaflet prosthesis in open (b) 
and closed (c) positions. Red arrows point to the two occluder leaflets 
and yellow arrows point to prosthesis hinges. (d, e) Medtronic-Hall 
single tilting disc prosthesis. Schematic diagram (d) and actual prosthe-

sis (e). Green arrows point to sigmoid shaped central strut, light blue 
arrows point to two small inlet struts, and dark blue arrow points to a 
smaller outlet stop strut. Yellow arrow points to central occluder pivot 
hole. Red arrow points to disc occluder in schematic and to smaller 
outlet stop strut in the actual prosthesis. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved

a b

c d
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include the Carbomedics Top Hat and St. Jude HP valves. 
Supra-annular prostheses are typically associated with a 
larger effective orifice area and superior hemodynamic per-
formance when compared to intra-annular prostheses For 
mechanical bileaflet mitral valve prostheses, the leaflet piv-
ots including hinge mechanism and coaptation surface 
project above the plane of the sewing ring (SR) for standard 
St.Jude valves (Fig. 14.3), but are within the SR plane for 
standard Carbomedics valves. The added depth associated 
with 3D imaging compared with 2D imaging facilitates 
viewing of the leaflets of aortic mechanical prostheses (Fig. 
14.4). Blurring or amplification artifacts can cause sewing 
ring stitches to appear thicker than they actually are, and 
metallic prosthesis components such as occluders and 
hinges are subject to blooming artifacts (Figs. 14.2 and 
14.5, see Chap. 3).

The two hinge pivots of mechanical mitral bileaflet pros-
theses can have one of two spatial orientations that can be 
readily recognized on 3D TEE: Either parallel to the line 
connecting the two native mitral commissures (referred to as 
anatomic) or perpendicular to it (referred to as antianatomic, 
Figs.  14.2 and 14.6). The anatomic orientation has been 
associated with asymmetric leaflet motion whereas the anti-
anatomic orientation has been associated with symmetric 
leaflet motion and better intracardiac flow dynamics [2, 3], 
but data are limited.

 Tilting-Disc Valves

Tilting disc valves include the Bjork-Shiley and Medtronic 
Hall valves. Although no longer implanted in clinical prac-
tice they may be seen not infrequently in patients with prior 
valve replacements. These valves consist of a single circular 
disc which pivots over a central strut. The disc typically 
opens to 60–80° relative to the annular plane, resulting in a 
larger and smaller orifice. Both tilting disc valve types have 
multiple small jets of regurgitation arising from within the 
sewing ring. Additionally, the Medtronic Hall valve also has 
a larger jet of regurgitation arising from a central hole in the 
occluder disc (Fig. 14.7).

 Ball-Cage Valves

The prototype for ball-cage valves is the Starr Edwards valve, 
which is no longer available for implantation but is still encoun-
tered in clinical practice. This type of valve prostheses consists 
of a silastic ball within a cage made up of two perpendicular 
arches (see Fig. 14.1). When, in the mitral position (Fig. 14.8), 
the prosthesis opens in diastole with movement of the ball 
towards the left ventricle allowing flow from left atrium to left 
ventricle. In early systole, left ventricular contraction results in 
atrial displacement of the ball closing the valve. This atrial dis-
placement of the ball results in displacement or regurgitation of 
a small amount of blood within the cage into the left atrium.

 Bioprosthetic Valves

 Stented Bioprostheses

Stented bioprostheses consist of a circular annular ring onto 
which three leaflets are attached, with three struts extending 
into the outflow portion of the prostheses (Fig. 14.9). These 
bioprostheses leaflets are made up of porcine valvular tissue 
or bovine pericardium. Prosthetic regurgitation is not typical, 
although trivial or mild central jets may be seen (Fig. 14.9).

 Stentless Bioprostheses

Stentless bioprostheses may be seen in the aortic position 
and were designed to provide superior hemodynamics when 
compared to stented bioprostheses. These bioprostheses may 
be made from porcine aortic valve or bovine pericardium. 
Prosthetic regurgitation is not typical, although trivial central 
jets may be seen.

e

Fig. 14.1 (continued)
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Fig. 14.2 (a, b) 3D TEE enface LA views of two mechanical bileaflet 
mitral prostheses. The two occluder leaflets (yellow arrows) and sewing 
ring (blue arrows) are well seen. The orientation of the occluder leaflets 
is antianatomic (a) and anatomic (b). Note the parallel alignment of the 
occluder leaflets in both prostheses, the slit like central orifice (red 
arrows) and adjacent two larger semicircular orifices. Also note that the 

occluder leaflets appear thick due to blooming artifacts. (c, d) Typical 
washing jets of a mechanical bileaflet prosthesis (arrows). Used with 
permission of Mayo Foundation for Medical Education and Research. 
All rights reserved. A, anterior; AV, aortic valve; L, lateral; M, medial; 
P, posterior

a b

Fig. 14.3 3D TEE enface LA views of a St.Jude mechanical bileaflet 
mitral prosthesis with the valve open (a) and closed (b). The occluder 
leaflets (red arrows) have an anatomic orientation. Note that the closed 
leaflet coaptation surface (b, red arrows) is above plane of the SR (blue 

arrows). The green arrow points to the medial hinge. Used with permis-
sion of Mayo Foundation for Medical Education and Research. All 
rights reserved. A, anterior; AV, aortic valve; L, lateral; LA, left atrial; 
M, medial; P, posterior; SR, sewing ring
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a b

Fig. 14.4 (a) 2D TEE mid-esophageal short-axis aortic valve view 
(yellow arrows) in a patient with a mechanical bileaflet prosthesis. The 
prosthesis leaflets are not seen. (b) By turning on 3D imaging, the pros-
thesis leaflets (blue arrows) are now well seen in the open position 

because of the added depth provided by 3D. Used with permission of 
Mayo Foundation for Medical Education and Research. All rights 
reserved. A, anterior; L, left; LA, left atrium; P, posterior; R, right; RA, 
right atrium; RVOT, right ventricular outflow tract

a b

Fig. 14.5 3D TEE enface LA views of a mechanical mitral bileaflet 
prosthesis (a) and mitral bioprosthesis (b). Note the asymmetrical dis-
tribution of the SR sutures/stitches (yellow arrows) which appear thick 
due to blurring or amplification artifacts. The posterior component of 
the bileaflet occluder leaflets (red arrows) also appear thick due to 

blooming artifact. Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved. A, anterior; AV, 
aortic valve; L, lateral; LA, left atrium; LAA, left atrial appendage; M, 
medial; P, posterior; SR, sewing ring

a b c

Fig. 14.6 3D TEE enface LA views of St. Jude mitral prosthesis dur-
ing different phases of the cardiac cycle. (a) Mid diastole, (b) late dias-
tole and (c) systole. Note the antianatomic orientation of the prosthesis 
leaflets (arrows in a and b) and asymmetric closure of the prosthesis 
leaflets in b. Blue arrows point to SR and green arrows to anterior and 

posterior hinges. Red arrow heads in c point to suture material. Used 
with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved. A, anterior; AV, aortic valve; L, lateral; 
LA, left atrium; M, medial; P, posterior; SR, sewing ring

14 3DE Appearance of the Different Types of Normal Mechanical and Biological Valves
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Fig. 14.7 3D TEE of MH tilting disc prosthesis in the mitral position. 
(a) Diastolic and (b) systolic frames. Yellow arrows point to circular 
disc occluder and red arrow points to sigmoid shaped central strut. 
Orange arrow points to one of two small inlet struts. The central hole 
can also be seen (blue star in diastole, and dark blue arrow in systole). 
(c) Enlarged color suppress view of the MH tilting disc in diastole. Note 
the central strut (red arrow), the smaller stop strut (blue arrow) and two 
inflow struts (green arrows) that flank the disc occluder (yellow arrows). 
Also note the two large orifices anteriorly and two small orifices poste-
riorly. (d, e) Same images in diastole but tilted with color suppress (d) 
and color Doppler on showing diastolic flow (e). (f, g) Systolic frames 

from two different MH tilting disc prostheses. Central prosthesis regur-
gitation (blue and red arrows) characteristic of MH tilting disc prosthe-
sis can be seen. There is also posterior periprosthetic regurgitation 
(yellow arrow) associated with the MH prosthesis in g. (h, i) Systolic 
frames of a MH tilting disc prosthesis in the aortic position. The disc 
occluder (red arrows) is seen in early (h) and late (i) systole. Light blue 
arrows point to prosthesis SR in a and h. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. A, 
anterior; AV, aortic valve; L, lateral; LA, left atrium; M, medial; MH, 
Medtronic-Hall; P, posterior; SR, sewing ring

a b

c
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Fig. 14.7 (continued)
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Fig. 14.8 3D TEE of Starr Edwards caged ball mitral valve prosthesis. 
(a, b) enface LA views in late systole (a) and diastole (b). The ball 
occluder can be seen (light blue arrows); green arrows point to SR. (c, 
d) Enface LV views of the same prosthesis. Note the circular motion 
artifact (red arrows) created by the ball occluder (light blue arrows) as 
it moves down the cage. The yellow arrows point to the SR. (e, f) Same 

LV views with the image tilted sideways in order to appreciate the spa-
tial relationship of the ball valve motion artifact (red arrows) to the 
closed ball-valve prosthesis (blue arrow, e). Used with permission of 
Mayo Foundation for Medical Education and Research. All rights 
reserved. LA, left atrium, LV, left ventricle; SR, sewing ring
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 Sutureless Bioprostheses

Sutureless bioprostheses may be placed in the aortic valve 
position, using conventional surgical techniques, including 
cardiopulmonary bypass. The Perceval sutureless aortic bio-
prosthesis (Fig.  14.10) is a bovine pericardial prosthesis 
placed on a stent consisting of two rings and nine vertical 
struts. The stent both supports the valve and holds it in place 
without the need for surgical sutures.

 Transcatheter Valves

The most commonly used transcathter aortic valves are the 
Medtronic CoreValve and Edwards Sapien prostheses. The 
Medtronic CoreValve (Fig. 14.11) is a supra-annular, por-
cine bioprosthesis with a self-expanding Nitinol stent frame. 
This prosthesis is longer than the Edwards Sapien prosthe-
sis, with the distal portion of the prosthesis positioned at the 
sinotubular junction. The Edwards Sapien prosthesis is an 

a b

c d

Fig. 14.9 Top panel: 3D TEE enface LA (a) and LV (b) views of a 
mitral bioprosthesis (27 mmCE Perimount Magna Ease) showing the 
three bioprosthesis cusps (red arrows in a and yellow arrows in b). Note 
the two prosthesis struts (dark blue arrows). Bottom panel: (c) LA view 
of another mitral bioprosthesis (33 mm Hancok II) showing the sym-
metrical trileaflet prosthesis anatomy (arrows). (d) Mild central bio-

prosthesis regurgitation (arrow) on CFD.  Used with permission of 
Mayo Foundation for Medical Education and Research. All rights 
reserved. A, anterior; AV, aortic valve; CFD, color flow Doppler; I, infe-
rior; L, lateral; LA, left atrial; LV, left ventricular; M, medial; P, poste-
rior; R, right; S, superior

14 3DE Appearance of the Different Types of Normal Mechanical and Biological Valves
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One of three
 suture guides Inflow ring

Outflow ring

Valve
leaflets

Fig. 14.10 3D TEE views of a Perceval sutureless valve. Top panel: 
Perceval sutureless aortic valve in systole (a) and diastole (b). Yellow 
arrows point to Perceval valve leaflets. Blue arrows point to valve 
stents. Bottom panel: (c) Perceval sutureless valve seen enface from 
aortic perspective. Green arrows point to Perceval valve leaflets and 

yellow arrows to circular ring. Images a–c are Used with permission of 
Mayo Foundation for Medical Education and Research. All rights 
reserved. (d) Perceval valve (courtesy of LivaNova PLC). LA, left 
atrium; RA, right atrium

intra-annular, bovine pericardial valve prosthesis with a 
balloon- expandable cobalt-chromium stent frame. In addi-
tion to treating native aortic valve stenosis, the Edwards 
Sapien valve prosthesis is also licensed by the FDA for 

valve-in-valve implantation for the treatment of bioprosthe-
sis degeneration (Fig.  14.12). The Edwards Sapien trans-
catheter heart valve has also been used for valve-in complete 
mitral ring implantation (Fig. 14.13)
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a b

c d

Fig. 14.11 3D TEE views of a fully deployed transcatheter CoreValve 
in the aortic position. (a, b) Fully expanded CoreValve. The stents (blue 
arrows) and leaflets (red arrows) can be seen. Note the circular shape at 
the waist of this THV site of leaflet insertion. (c, d) 3D CFD of the 

prosthesis in diastole (c) and systole (d). Note that there is no evidence 
of periprosthetic regurgitation. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. 
CFD, color flow Doppler; THV, transcatheter heart valve

14 3DE Appearance of the Different Types of Normal Mechanical and Biological Valves
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Fig. 14.12 3D TEE of Sapien S3 mitral valve-in-valve implantation. 
Top panel: Enface LA views in systole (a) and diastole (b). Yellow 
arrows point to the THV cusps and blue arrows to the THV stent. Bottom 
panel: Enface LV views in systole (c) and diastole (d). Dark blue arrows 

point to the three THV cusps. Used with permission of Mayo Foundation 
for Medical Education and Research. All rights reserved. A, anterior; 
AV, aortic valve; I, inferior; L, lateral; LA, left atrium; LV, left ventricle; 
M, medial; S, superior; THV, transcatheter heart valve

a b

Fig. 14.13 3D TEE LA view of valve-in complete ring implantation of 
a Sapien THV. (a) The height of the THV stent framework (arrows) 
within the LA can be appreciated. (b) Same THV viewed sideways 
showing the atrial (yellow arrow) and ventricular (orange arrow) stent 

components. Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. A, anterior; AV, aortic 
valve; L, lateral; LA, left atrium; LV, left ventricle; M, medial; P, poste-
rior; THV, transcatheter heart valve
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3DE Assessment of the Pathological 
Spectrum of Mitral Prosthesis 
and Sewing Ring Dysfunction: 
Incremental Value over 2DE

Sushil Allen Luis and Joseph F. Maalouf

 Introduction

Prosthetic valve dysfunction covers a wide spectrum that 
includes prosthesis thrombosis, pannus tissue ingrowth (an 
overgrowth of fibrous tissue from sewing ring (SR) into the 
valve orifice), and prosthesis dehiscence [1]. Bioprosthetic 
valve cusps are prone to degeneration which can result in 
prosthesis regurgitation due to cusp prolapse, avulsion or 
perforation, or prosthesis stenosis due to cusp calcification, 
thrombosis, or both [1]. Mechanical prostheses are more 
prone to thrombosis [1]. Three-dimensional echocardiogra-
phy (3DE) and in particular 3D TEE is invaluable for deter-
mining the mechanism of mitral prosthesis dysfunction and 
in  localizing the site of thrombus formation and SR dehis-
cence [1]. 3DE also provides the opportunity to visualize the 
entire mitral valve prosthesis, and post mitral valve repair 
annuloplasty bands or rings, together with their surrounding 
bed, in a single view, and in real time. This enhances under-
standing the location and relationships of abnormalities to 
normal structures.

 Prosthetic Valve Dehiscence

Periprosthetic leak (PPL; also known as paravalve leak) is a 
complication associated with the implantation of a prosthetic 
heart valve , and refers to regurgitation between two cardiac 
chambers that skirts the valve prosthesis [1]. Surgical PPL is 
due to incomplete seal between the implanted prosthesis 
(mechanical or biologic) sewing ring (SR) and native annu-
lus either because of annular calcification that precludes 
adequate suturing of the SR to the annulus or breakdown of 
SR sutures, frequently due to endocarditis, leading to detach-
ment or dehiscence of the prosthesis from its annulus 
(Fig. 15.1) . With transcatheter valve-in-valve implantation, 
PPL is due to incomplete seal of the stented transcatheter 
valve and native mitral annulus or bioprosthesis SR 
(Fig.  15.2). Mitral PPL results in abnormal systolic flow 
from the left ventricle to the left atrium through the peripros-
thetic defect.

Although the PPL may be severe and cause heart failure, 
it may be clinically significant even in the absence of severe 
regurgitation because of hemolysis

 Anatomic Defect Localization

Successful percutaneous PPL closure (see Chap. 30) is 
dependent on determining the circumferential extent, num-
ber and location of periprosthetic defects, and accurate char-
acterization of PPL anatomic pathology. As with assessment 
of the native mitral valve, TEE is particularly well suited for 
evaluating mitral periprosthetic leaks. With 2D TEE, the site 
of PPL and circumferential extent is determined by careful 
systematic scanning of the entire prosthesis sewing ring in 
multiple imaging views from different acoustic windows. 
Nonetheless, a PPL defect may be missed (Figs.  15.3 and 
15.4) or its circumferential extent may not be fully appreci-
ated even when the TEE is performed by an experienced 
operator (Fig. 15.5). With 3D TEE, the entire mitral valve 
prosthesis and its bed can be imaged from a single acoustic 
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window, thus obviating the often extensive TEE probe 
manipulation needed to obtain diagnostic 2D images. 
Moreover, 3D TEE also provides an intuitive en face “sur-
geon’s view” of the mitral valve prosthesis and surrounding 
anatomy that is readily recognizable by interventional cardi-
ologists with no or limited experience in echocardiography 
(Figs. 15.4 and 15.5).

Accurate localization of a mitral PPL is a prerequisite 
for guiding percutaneous closure of the defect. This can be 
readily achieved with 3D TEE through use of a simple tri-
angulation method [2] that is based on standard spatial 
coordinates and three fixed anatomic land marks (the ante-
riorly located aortic valve, the anterolaterally located left 
atrial appendage, and the medially located atrial septum 
(Fig. 15.6)

3D TEE also provides crucial information regarding 
defect (s) shape (most mitral paravalvular defects are cres-
centic or oblong rather than being cylindrical holes), and size 
(Figs. 15.6, 15.7, and 15.8).

When there is suspicion of a periprosthetic defect on 3D 
TEE, great care must be taken to avoid creation of drop out 
artifacts due to excessive tissue cropping or low gain settings 
(see Chap. 3). False periprosthetic defects due to drop out 
artifacts can also be produced by acoustic shadowing caused 
by prosthetic material or calcification (see Fig. 3.8, Chap. 3). 
Demonstration of flow through any observed defect using 
color Doppler is therefore, a must to confirm its true nature 
(see Fig. 3.8, Chap. 3). A periprosthetic defect may not be 
identified by 3D imaging alone without use of 3D color flow 
Doppler (Fig. 15.9) particularly when located at underbelly 

a b

Fig. 15.1 (a) Pathology of mitral PPL, courtesy of Dr. William 
Edwards (Mayo Clinic), showing three periprosthetic defects. Two (yel-
low arrows) can be seen at underbelly of the SR (red arrows), and the 
third (white arrow) is in the atrial bed adjacent to the SR. (b) 3D TEE 
enface LA CFD post PPL closure with two AVP devices (red arrows) 
showing persistent PPL (white arrows) around the deployed AVP 

devices. Yellow arrows point to bioprosthesis SR and blue arrow points 
to mild central prosthesis regurgitation. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. A, 
anterior; AVP, Amplatzer Vascular Plug; CFD, color flow Doppler; L, 
lateral; LA, left atrium; M, medial; P, posterior; PPL, periprosthetic 
leak; SR, sewing ring

a b c

Fig. 15.2 Live 3D TEE enface LA views of MV and PPL following 
valve-in-valve implantation of a Sapien THV. (a) Severe MAC (white 
arrows) with secondary severe narrowing of MV orifice (star). (b, c) 
Sapien THV showing a medial PPL (orange arrow) on CFD.  White 
arrows point to THV stent frame and yellow arrow points to LAA. Used 

with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved. A, anterior; AV, aortic valve; CFD, color 
flow Doppler; L, lateral; LA, left atrium; LAA, left atrial appendage; M, 
medial; MAC, mitral annular calcification; MV, mitral valve; P, poste-
rior; PPL, periprosthetic leak; THV, transcatheter heart valve
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of the SR or in very close proximity to it (see Fig. 30.5, Chap. 
30), or if adjacent to the leaflet hinges of a mechanical pros-
thesis (Fig. 15.9).

In patients undergoing surgical mitral valve (MV) repair 
and insertion of an annuloplasty band or ring, suture break-
down can cause separation of the annuloplasty band or ring 
from the underlying annulus (Figs. 15.10 and 15.11). In con-
trast to PPL associated with surgical mitral prostheses, annu-

loplasty dehiscence associated with MV repair rarely disrupts 
the attachment between the mitral valve leaflets and native 
annulus. The resultant regurgitant systolic flow therefore, is 
usually due to the underlying mitral valve pathology and is 
caused by loss of annular band/ring support, hence, not ame-
nable to treatment by percutaneous closure of the dehiscence 
with a vascular plug. The posterior segment of annuloplasty 
bands/rings is more susceptible to dehiscence because the 

a b c

d e f

Fig. 15.3 (a–f) 2D TEE CFD of mitral PPL: With the TEE probe in the 
mid esophagus, the SR is scanned from horizontal (0°; medial to lat-
eral) to long-axis aorta (138° anterior to posterior) planes. A large 
postero- lateral defect (red arrows) and a small anterolateral PPL (yel-
low arrows) adjacent to the LAA (orange arrows) are seen. White 

arrows point to trivial prosthesis regurgitation. Used with permission of 
Mayo Foundation for Medical Education and Research. All rights 
reserved. CFD, color flow Doppler; LA, left atrium; LAA, left atrial 
appendage; LV, left ventricle; PPL, periprosthetic leak; SR, sewing ring

a b

Fig. 15.4 (a, b) 3D CFD enface LA view of MV bioprosthesis from 
same patient as in Fig. 15.3 shows three PPL sites, a large posterolateral 
leak (white arrows), a smaller postero-medial leak (red arrow) and a 
tiny antero-lateral leak (yellow arrows) facing ostium of the LAA. Green 
arrows point to prosthesis SR, and orange arrow points to trivial central 

prosthesis regurgitation. Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved. A, anterior; AVP, 
aortic valve prosthesis; CFD, color flow Doppler; L, lateral; LA, left 
atrium; LAA, left atrial appendage; M, medial; MV, mitral valve; P, 
posterior; PPL, periprosthetic leak; SR, sewing ring
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a b

Fig. 15.6 (a) Triangulation method used to localize mitral PPL on 3D 
TEE. The location of a periprosthetic defect (yellow arrows) is reported 
in relation to three fixed anatomic landmarks: anterior AV, anterolateral 
LAA, and medial atrial septum (white arrow). Note the crescent shape 
of the periprosthetic defect. The hinges of mechanical bileaflet prosthe-
ses (dark blue arrows) can also serve as fluoroscopic beacons to loca-
tion of the PPL. Green arrows point to prosthesis SR. The periprostheic 
defect can be measured using MPR. Note that measurements can also 
be obtained using on line calipers but the accuracy of such measure-
ments has not been validated clinically. (b) Multibeat 3D CFD showing 

flow through the periprosthetic defect (dark blue arrow). Green arrows 
point to built in trivial regurgitation associated with the posterior 
occluder hinge and red arrow points to built in trivial regurgitation asso-
ciated with the prosthesis leaflet occluder. Used with permission of 
Mayo Foundation for Medical Education and Research. All rights 
reserved. A, anterior; AV, aortic valve; CFD, color flow Doppler; L, 
lateral; LA, left atrium; LAA, left atrial appendage; M, medial; MPR, 
multiplanar reconstruction; MV, mitral valve; P, posterior; PPL, peri-
prosthetic leak; SR, sewing ring

a b

Fig. 15.7 (a, b) Enface 3D TEE LA view of an anteromedial PPL with 
regurgitant flow on CFD (yellow arrows) in a patient who also under-
went a composite aortic valved conduit (AV). The use of color filter (see 
Chap. 3, Fig. 3.5) can be very helpful in optimizing the image by bring-
ing out the origin of the regurgitant jet. Red arrows point to anterior 

prosthesis SR. Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. A, anterior; CFD, color 
flow Doppler; L, lateral; LA, left atrium; M, medial; P, posterior; PPL, 
periprosthetic leak; SR, sewing ring

Fig. 15.5 (a–f) 2D TEE CFD images of a mitral bioprosthesis from the 
mid esophagus with the SR carefully scanned from horizontal 0° to 
long-axis aorta at 147°. There is a severe anterolateral leak (red arrows) 
with the regurgitation directed towards the LAA (star). (g, h) TG CFD 
of the PPL(red arrows). Note that the short-axis view (h) is best suited 
to assess the circumferential extent of the PPL, but is not always feasi-
ble. Yellow arrow points to prosthesis SR. (i, j) Multibeat 3D TEE 
enface views of the mitral bioprosthesis. There is a very large SR dehis-
cence (dark blue arrows) adjacent to LAA ostium (white arrows) that 
spans nearly a third of the SR circumference from anterior (light blue 

arrow) to posterior (red arrow). The extent of SR dehiscence makes it 
unsuitable for percutaneous closure. Green arrows point to prosthesis 
SR. Note that one of the bioprosthesis struts (j, orange arrows) can be 
seen projecting into the LV opposite the LAA. Used with permission of 
Mayo Foundation for Medical Education and Research. All rights 
reserved. A, anterior; Ao, ascending aorta; AVP, aortic valve prosthesis; 
CFD, color flow Doppler; L, lateral; LA, left atrium; LAA, left atrial 
appendage; LV, left ventricle; M, medial; MV, mitral valve; P, posterior; 
PPL, periprosthetic leak; SR, sewing ring; TG, transgastric
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posterior mitral annulus is located deeper in the surgical 
field thus limiting  surgical exposure which may also inadver-
tently result in a periannular defect (Fig. 15.12). Annular 
calcification, when present, usually involves the posterior 
mitral annulus and prevents effective suture placement. 
Moreover, because the left circumflex coronary artery runs 
posteriorly, surgeons intentionally avoid deep placement of 
sutures.

There is no gold standard for determining severity of 
mitral PPL and integration of multiple echocardiographic 
parameters is thus required. In some circumstances the regur-
gitant orifice area can also be measured by planimetry using 
multiplanar reconstruction of the 3D color Doppler data set 

(Fig. 15.13), but care must be taken during image acquisition 
to avoid acoustic shadowing from the prosthesis sewing ring.

 Prosthetic Valve Dysfunction 
and Thrombosis

Aside from PPL, prosthesis thrombosis (Fig. 15.14) and pan-
nus ingrowth account for the vast majority of non-infectious 
causes of prosthetic valve dysfunction [1, 3, 4]. Both throm-
bus and pannus tissue overgrowth can present as masses on 
the sewing ring or adjacent to it and can cause prosthesis 
obstruction [1, 3, 4]. Differentiation of thrombus from pan-

a b

c d

Fig. 15.8 Various periprosthetic defect shapes as seen on 3D TEE. Top 
panel: (a) Irregular crescent shaped periprostheic defect (blue arrows); 
yellow arrows point to prosthesis SR. (b) Single circular periprosthetic 
defect (red arrows) in a patient who underwent MV repair with inser-
tion of a complete annuloplasty ring (dark blue arrows). White arrow 

points to a wire in MV orifice. Bottom panel: (c, d) Two adjacent and 
round periprosthetic defects separated by small amount of tissue (red 
arrows). Dark blue arrows point to prosthesis SR. Used with permission 
of Mayo Foundation for Medical Education and Research. All rights 
reserved. MV, mitral valve; SR, sewing ring
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nus overgrowth can be very challenging or not possible 
despite integration of clinical and multimodality imaging 
including fluoroscopy, and both thrombus and pannus tissue 
may coexist [1, 3, 4]. Moreover, neither mass mobility or 
size can reliably differentiate thrombus from pannus [3, 4]. 
However, mechanical prosthesis obstruction due to thrombus 
is associated with a mass on TEE and restriction to occluder 
leaflet mobility in nearly all patients [3]. In contrast, when 
the obstruction is caused by pannus tissue, there may be no 
restriction to prosthesis leaflet mobility, and a mass is not 
seen on TEE in the majority of cases [3]. Therefore, if 
mechanical prosthesis obstruction is associated with normal 
prosthesis occluder mobility, thrombus is highly unlikely as 
the cause of obstruction and pannus ingrowth is the likely 

underlying mechanism. However, if there is restriction to 
prosthesis occluder function, either pannus or thrombus can 
be the underlying cause. Thrombosis is a more common 
cause of mechanical mitral prosthesis dysfunction than pan-
nus ingrowth, however. Bioprosthesis degeneration can be in 
the form of stenosis (Fig. 15.14), regurgitation or both [5]. 
Post MV repair sewing ring thrombosis is rare but has been 
reported (Fig. 15.14).

In patients undergoing mitral valve replacement with a 
mechanical valve, 3D TEE can be very useful for verifying 
normal occluder function on coming off bypass (Fig. 15.15). 
This is important because mechanical prosthesis occluder 
malfunction may not become clinically apparent until after 
surgery.

a b

c d

Fig. 15.9 Top panel: 3D TEE enface LA views of a mechanical mitral 
bileaflet prosthesis with PPL adjacent to posterior hinge (a, red arrow) 
but only seen on CFD (b, yellow arrow). The two small MR jets anteri-
orly (dark blue arrows) are normal built in regurgitation. Green arrow 
points to anterior hinge. Bottom panel: (c, d) 3D TEE LA view of 
antero-medial mitral bioprosthesis PPL that is only apparent on CFD 

(red arrows). Yellow arrows point to prosthesis SR. Used with permis-
sion of Mayo Foundation for Medical Education and Research. All 
rights reserved. A, anterior; AV, aortic valve; CFD, color flow Doppler; 
L, lateral; LA, left atrium; M, medial; MR, mitral regurgitation; P, pos-
terior; PPL, periprosthetic leak; SR, sewing ring
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a b

c
d

Fig. 15.10 3D TEE Enface LA views in two patients status post- 
surgical mitral valve repair and insertion of complete annuloplasty 
rings. Top panel: first patient: Systole (a) and diastole (b). There is 
complete dehiscence of the annuloplasty ring posteriorly (red arrows). 
Yellow arrows point to PML. Bottom panel: second patient (c) Partial 
dehiscence of posterior annuloplasty ring (white arrows) adjacent to P2 
segment of PML. Dark blue arrows point to annuloplasty ring and yel-

low arrow points to LAA. (d) Mitral regurgitation (red arrows) second-
ary to partial annuloplasty dehiscence. Annuloplasty dehiscence has a 
predilection for the posterior annulus and is more common with com-
plete rings. Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. A, anterior; AV, aortic 
valve; L, lateral; LA, left atrium; LAA, left atrial appendage; M, medial; 
P, posterior; PML, posterior mitral leaflet

a b

Fig. 15.11 3D TEE enface LA views of posterior annuloplasty bands 
following surgical MV repair. (a) Medial dehiscence of annuloplasty 
band (red arrow). Yellow arrows point to rest of the band. (b) 
Following placement of a new annuloplasty band (white arrows). 
Note the reinforcing sutures that were placed at the two trigones (red 

arrows) posterior to P2 (yellow arrows). The sutures appear thick due 
to blurring artifacts (see Chap. 3). Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. 
A, anterior; AV, aortic valve; L, lateral; LA, left atrium; M, medial; 
MV, mitral valve; P, posterior
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a

60.955 mm

b

c d

e f

Fig. 15.12 Periannular regurgitation in a patient following surgical 
MV repair with insertion of posterior annuloplasty band. Top panel: (a, 
b) 2D TEE shows MR (white arrows) but the origin of the MR jet is not 
seen. Middle panel: 3D TEE enface LA views of the MV and posterior 
annuloplasty band in late systole (c) and end systole (d) showing the 
MR jet (dark blue arrows) originating from a circular defect in the LA 
bed adjacent to the annuloplasty band posteriorly. There is otherwise, 
no evidence of dehiscence of the annuloplasty band. Bottom panel: (e, 

f) Focused 3D images of the circular periannular defect (dark blue 
arrows) with regurgitant flow through it in systole. Green arrows (c, d, 
e) point to annuloplasty band and red arrow to ostium of LAA. Used 
with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved. A, anterior; AV, aortic valve; L, lateral; 
LA, left atrium; LAA, left atrial appendage; LV, left ventricle; M, 
medial; MR, mitral regurgitation; MV, mitral valve; P, posterior
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a

b

420384

Fig. 15.13 (a) MPR of anterior mitral PPL. Transverse plane (blue line, 
arrows) at site of origin of PPL in two orthogonal planes [coronal or 
frontal (green), and sagittal or vertical (red)] produces a slit like color 
flow Doppler defect, which represents the VC of the mitral PPL, in the  
transverse plane (Blue rectangle, left lower quadrant). (b) Enlarged image 

of the transverse plane showing the slit like PPL VC (yellow arrow) that 
can be planimetered. White arrows point to prosthesis SR. Used with per-
mission of Mayo Foundation for Medical Education and Research. All 
rights reserved. Ao, ascending aorta; MPR, multiplanar reconstruction; 
PPL, periprosthetic leak; SR, sewing ring; VC, vena contracta

Fig. 15.14 Top panel: (a, b) 3D TEE enface LA (a) and LV (b) views 
of degenerated bioprosthesis stenosis. Note the very narrowed prosthe-
sis orifice (red arrows). Green arrows point to prosthesis SR in the LA 
and yellow arrows point to the three prosthesis struts in the LV. (c) 3D 
TEE of a prosthetic valve with small thrombus (red arrow) projecting 
into the orifice of the prosthesis from the SR anteriorly (dark blue 
arrows). (d) Intraoperative photograph of the thrombus (arrow). (e) 
Large amount of thrombus (dark blue arrows) on annuloplasty band 
(green arrows) 2 years after successful surgical MV repair. (f) 3D TEE 
enface LV view of bioprosthesis thrombosis (dark blue arrows) with 

secondary severe bioprosthesis stenosis (green arrow). Bottom panel: 
Explanted thrombosed bioprosthesis. (g) Bioprosthesis leaflets (white 
arrows) as seen from LA. No thrombus is seen. (h) LV view of same 
prosthesis showing extensive thrombus involving the ventricular sur-
face of all three cusps (yellow arrows). White arrows point to biopros-
thesis struts. Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. A, anterior; AV, aortic 
valve; I, inferior; L, lateral; LA, left atrium; LAA, left atrial appendage; 
LV, left ventricle; M, medial; MV, mitral valve; P, posterior; S, superior; 
SR, sewing ring
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Fig. 15.15 Intraoperative post pump 3D TEE enface LA views of a 
mechanical bileaflet prosthesis implanted in the mitral position. (a, b) 
Only one of the leaflet occluders (yellow arrows) is opening (note flow 
on CFD). The other leaflet occluder (red arrows) is stuck in a closed 
position. (c) After a second pump run and restoration of normal bileaflet 

occluder motion (white arrows). Yellow arrows point to fully open pros-
thesis orifices. Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. A, anterior; AV, aortic 
valve; CFD, color flow Doppler; L, lateral; LA, left atrium; M, medial; 
P, posterior
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3DE Assessment of Pathological 
Spectrum of Aortic Prosthesis 
Dysfunction: Incremental Value 
over 2DE

Joseph F. Maalouf

3D echocardiographic assessment of aortic valve prostheses 
(AVP) is more challenging than mitral prostheses [1, 2]. The 
resolution of 3D TTE remains suboptimal and anterior com-
ponents of aortic valve prostheses are in the far field during 
transesophageal echocardiography (TEE). Moreover, there is 
degradation in echocardiographic image quality because of 
reverberation artifacts and acoustic shadowing by prosthetic 
material. None-the-less, despite these limitations, all aortic 
prosthesis components including sewing ring (SR) , biopros-
theses cusps, and mechanical prostheses leaflets, can be 
readily seen enface on 3DTEE from both the aortic and left 
ventricular outflow perspectives, and from a single acoustic 
window without probe manipulation. Moreover, mechanical 
aortic prostheses leaflet occluder motion, frequently difficult 
to see on 2D echocardiography (2DE), can be readily appre-
ciated on 3D TEE. Thus, 3DTEE not only complements the 
role of 2DE in the assessment of aortic valve prosthesis dys-
function, but may have an incremental value over 2DE. Gain 
and other image optimization tools including smoothing and 
avoidance of too low compression are helpful when imaging 
AVP with 3DE.

 Aortic Periprosthetic Regurgitation

Aortic periprosthetic leak (PPL) or regurgitation is a poten-
tially serious complication following surgical or transcathe-
ter aortic valve replacement (TAVR) [3–7]. Patients can be 
very symptomatic either because of congestive heart failure 

or because of hemolytic anemia [4]. For surgical aortic PPL, 
the mechanism is incomplete seal between the sewing ring 
and surrounding annulus due to poor tissue quality related to 
friability from infection or calcification around the prosthetic 
valve [3]. Mechanisms of PPL associated with transcatheter 
heart valves (THV) include under sizing of the implanted 
THV, extensive calcifications in the device landing zone that 
preclude complete THV stent expansion, and incomplete 
sealing of the annulus by the THV skirt due to too high or too 
low positioning of the THV [2, 3].

Transcatheter PPL closure has emerged as the preferred 
and less invasive approach to closing such defects [3, 4]. 
Accurate determination of the number and locations of aortic 
PPL, and assessment of PPL shape and dimensions, analo-
gous to mitral PPL, are therefore, critical for successful plan-
ning and execution of the procedure. With 2D 
echocardiography, this entails the use of multiple acoustic 
windows, x-Plane, and often off-axis probe manipulation [1, 
2]. THV PPL may not be detected if the imaging plane is 
higher than the THV skirt, and because of the frequent “gar-
den hose” effect of a PPL aortic regurgitation (AR) jet [2], 
imaging below the level of origin of a PPL may erroneously 
view AR jet spray rather than the AR vena contracta [1, 2]. 
Aortic prostheses PPL are also frequently multiple and 
eccentric, and PPL defects usually have irregular funnel 
shaped anatomy that is widest at origin of the PPL and nar-
rowest where it exits into the left ventricular outflow tract 
(Fig. 16.1). These aortic prosthesis PPL characteristics also 
complicate imaging with 2DE.

3D TEE is ideally suited for imaging the entire aortic 
prosthesis from a single acoustic window and is very useful 
to exclude endocarditis. However, anteriorly located aortic 
PPL are in the far field for TEE and may be difficult to image 
because of acoustic shadowing and reverberation artifacts 
from the posterior surface of surgical aortic prostheses sew-
ing ring cuff or TAVR stent [1, 2]. None-the-less, 3D TEE 
may be very useful in characterizing the geometry of poste-
riorly located aortic PPL (Fig.  16.2) and in  localizing the 
site(s) of periprosthetic regurgitation (Fig. 16.3). Moreover, 
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with multiplanar reconstruction (MPR) [8] of the 3D PPL 
color Doppler volume data set, severity of the PPL can be 
quantified by precisely identifying and measuring the vena 
contracta area a surrogate for the effective regurgitant orifice 
area (Fig. 16.4). A pitfall of MPR is color “bleed” blooming 
artifacts that can be exaggerated by inappropriately high 
color gain.

 Other Causes of Aortic Prosthetic Valve 
Dysfunction

As with mitral prostheses, prosthesis thrombosis (Fig. 16.9) 
and pannus ingrowth account for the vast majority of non- 
infectious causes of aortic prosthetic valve dysfunction. 
However, pannus related prosthesis dysfunction is more 
common with aortic than mitral prostheses [9]. Pannus 
ingrowth is typically detected on the left ventricular side of 
surgical aortic prostheses where the sewing ring (SR) is 
implanted, but in rare cases, pannus ingrowth appears to 

grow from the aortic side of the prosthesis [9]. Pannus 
ingrowth arising from the SR may extend to the orifice and 
hinges of the prosthetic valve causing restriction of leaflet 
mobility and severe narrowing of the inflow orifice [9]. 
However, severe stenosis may also occur due to obstruction 
and narrowing of the left ventricular outflow tract by a cir-
cumscribed pannus without restricting leaflet motion [9]. In 
rare cases, the formation of pannus can lead to intermittent 
regurgitation caused by impairment of diastolic motion of 
one of the prosthetic leaflets [9]. Pannus arising from the aor-
tic aspect of the prosthetic valve usually causes complete 
obstruction with immobility of leaflets [9].

Aortic bioprosthetic valve cusp degeneration can be in the 
form of prosthesis regurgitation due to cusp prolapse or per-
foration or prosthesis stenosis due to cusp calcification, pan-
nus ingrowth or thrombosis, or a combination thereof 
(Figs. 16.5, 16.6, 16.7, 16.8, and 16.9). Aortic valve homo-
graft failure usually presents with aortic regurgitation 
(Fig.  16.10) and dehiscence of aortic valved conduit can 
occur (Fig. 16.11).

a b

Fig. 16.1 CT scan of aortic PPL: Note the funnel shaped appearance 
of the periprosthetic defect with a wide crescent shaped inlet (a, yellow 
arrow) and narrower tubular component (b, orange arrow) that exits in 

the LV. The prosthesis sewing ring can be seen (red arrows). Used with 
permission of Mayo Foundation for Medical Education and Research. 
All rights reserved. LV, left ventricle; PPL, periprosthetic leak
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Fig. 16.2 PPL in another patient with a mechanical bileaflet aortic pros-
tesis. Top panel: 2D TEE CFD views of the aortic prosthesis PPL. The 
origin of the periprosthetic AR jet (a, yellow arrows) and its exit in the the 
LVOT (b, yellow arrow ) can be seen, but the anatomy of the PPL defect 
can not be discerned, and there is shadowing by prosthetic material. 
Orange arrow points to AVP. Second panel: MPR of the same aortic PPL 
as seen on 3D TEE both in diastole (c) and systole (d). The aortic peripros-
thetic defect has an irregular funnel shaped anatomy that is crescent 
shaped at the top (yellow arrows). It is also widest at its origin (orange 
arrows) and narrowest where it exits into the LVOT (red arrows). Blue 
arrows point to the bileaflet occluders. Third panel: As with any 3D 

defect, flow through the PPL channel on color Doppler (e, arrows) pro-
vides confirmation of pathology. The exit of the PPL into the LVOT mea-
sures 0.23 cm (f) . Bottom panel: (g) CT scan of same aortic PPL showing 
the entry (orange arrow) and exit (red arrow) sites for the PPL. (h) Mid 
PPL channel diameter measurement on CT.  Blue arrows point to the 
bileaflet occluders and yellow arrows point to prosthesis SR. Used with 
permission of Mayo Foundation for Medical Education and Research. All 
rights reserved. AO, ascending aorta; AR, aortic regurgitation; AVP, aortic 
valve prosthesis; CFD, color flow Doppler; LA, left atrium; LV, left ven-
tricle; LVOT, left ventricular outflow tract; MPR, multiplanar reconstruc-
tion; PPL, periprosthetic leak; RA, right atrium; SR, sewing ring

a b
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Fig. 16.2 (continued)

a b

c d

Fig. 16.3 3D TEE CFD enface aortic views of a THV PPL: Top panel: 
(a) the PPL is not seen. Arrow points to mild prosthesis regurgitation. 
(b) By cropping down towards the ventricular end of the THV stent the 
PPL (red arrow) begins to be seen and is single and posterior in loca-
tion, adjacent to the atrial septum. Bottom panel: (c) The PPL and its 
circumferential extent (red arrow) are now clearly seen. (d) On further 

downward cropping , the PPL AR jet begins to splay (red arrow). Yellow 
arrows point to the ventricular end of the THV stent. Used with permis-
sion of Mayo Foundation for Medical Education and Research. All 
rights reserved. CFD, color flow Doppler; LA, left atrium; PPL, peri-
prosthetic leak; RA, right atrium; RVOT, right ventricular outflow tract; 
THV, transcatheter heart valve
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Fig. 16.4 Measurement of AVP PPLVC using MPR: Top panel: (a) 
2D long axis view of the AVP showing the PPL (red arrow). (b) 3D 
FV CFD of the AVP. Second panel: MPR of 3D data set. (c) Coronal 
plane(green rectangle) showing alignment of the sagittal plane 
(dashed red line) and an orthogonal transverse plane (dashed blue 
line) at VC of the PPL AR jet. (d) Corresponding sagittal plane view 
(red rectangle) of the PPL with alignment of the coronal plane (dashed 
green line) with the transverse plane (dashed blue line). Bottom 
panel: PPL AR vena contracta (arrows) in the transverse plane with 

(e) and without (f) the reference sagittal and coronal plane lines. The 
VC area measured 0.04  cm.sq consistent with mild PPL.  Note that 
compared with mitral PPL, aortic PPL are smaller. Used with permis-
sion of Mayo Foundation for Medical Education and Research. All 
rights reserved. AO, ascending aorta; AR, aortic regurgitation; AVP, 
aortic valve prosthesis; CFD, color flow Doppler; FV, full volume; 
LA, left atrium; LV, left ventricle; LVOT, left ventricular outflow 
tract; MPR, multiplanar reconstruction; PPL, periprosthetic leak; VC, 
vena contracta
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b

c d

a

Fig. 16.5 3D TEE of a retracted aortic bioprosthesis cusp. Top panel: 
enface aortic views of the AVP showing the three cusps in systole (a) 
and diastole (b). Note that the prosthesis cusp that corresponds to the 
LCC does not close well in diastole resulting in a coaptation gap 
(arrow). Bottom panel: (c) 3D CFD showing aortic regurgitation 
through the coaptation gap (arrow). (d) Intraoperative image of 

explanted prosthesis showing retracted cusp (arrow). Used with permis-
sion of Mayo Foundation for Medical Education and Research. All 
rights reserved. AVP, aortic valve prosthesis; CFD, color flow Doppler; 
LA, left atrium; LCC, left coronary cusp; NCC, non-coronary cusp; 
RA, right atrium; RCC, right coronary cusp; RVOT, right ventricular 
outflow tract
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Fig. 16.6 Avulsion of AV bioprosthesis RCC: Top panel: 2D TEE 
short-axis diastolic views of the AVP showing an anterior echodensity 
(a; arrows) and an eccentric posteriorly directed jet of AR (b, arrow). 
Middle panel: 3D TEE enface LV views in systole (c) and diastole (d) 
showing prolapse of a segment of the RCC (red arrow) into the LVOT 
(star) in diastole. Yellow arrows point to tips of AML. Bottom panel: 
LVOT viewed sideways in systole (e) and end diastole (f) showing the 

avulsed cusp segment (red arrow). Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. 
AML, anterior mitral leaflet; AR, aortic regurgitation; AV, aortic valve; 
AVP, aortic valve prosthesis; CFD, color flow Doppler; LA, left atrium; 
LV, left ventricle; LVOT, left ventricular outflow tract; RA, right atrium; 
RCC, right coronary cusp
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a b

Fig. 16.7 (a, b) Degenerated AV bioprosthesis with severe stenosis (arrows). Valve area measured 0.51 cm.sq. on direct planimetry (b). Used with 
permission of Mayo Foundation for Medical Education and Research. All rights reserved

a b

c d

Fig. 16.8 Top: (a) 3D TEE of an AV bioprosthesis with prolapsed 
NCC and secondary AR (yellow arrow). (b) 3D TEE from a patient 
with native aortic valve perforations of the LCC (yellow arrow) and 
NCC (red arrow). Note the similarity in appearances of the NCC in the 
two images because both lesions cause regurgitation to go through the 
affected cusp. Bottom panel: IO photographs of the explanted AVP. (c) 
Aortic view showing a gap where the NCC should be (yellow arrow). 

(d) Ventricular view of the prosthesis showing the prolapsed cusp (yel-
low arrow). Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. AV, aortic valve; AVP, aor-
tic valve prosthesis; AR, aortic regurgitation; IO, intraoperative; LA, 
left atrium; LCC, left coronary cusp; NCC, non coronary cusp; RA, 
right atrium; RCC, right coronary cusp
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Fig. 16.10 Top panel: Live 3D in a patient with severe aortic homo-
graft regurgitation. (a) Torn LCC (red arrows) and leaflet malcoaptation 
(yellow arrow). (b) Secondary severe aortic regurgitation (arrows). 
Bottom panel: (c, d) Intraoperative photographs showing torn edge of 
LCC that is held by the forceps (yellow arrow) and LCC leaflet gap 

(green arrows). Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. LA, left atrium; LCC, left 
coronary cusp; NCC, non coronary cusp; RA, right atrium; RCC, right 
coronary cusp

a b

Fig. 16.9 Live FV 3D long axis (a) and short axis (b) views of AVP thrombus (yellow arrows). Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved. AVP, aortic valve prosthesis; FV, Full Volume
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e f g

Fig. 16.11 Patient with dehiscence of a Bentall valved conduit and 
large aortic root pseudoaneurysm. Top panel: 3D TEE of dehised 
valved conduit (orange arrow) in systole (a) and diastole (b). Yellow 
arrows point to site of communication of dehised segment with LVOT. 
Middle panel: Autocropped multibeat 3D FV CFD showing blood flow 
in systole from LVOT into the pseudoaneurysm caused by dehiscence 
of the valved conduit (c; yellow arrow. Red arrows point to valved con-
duit) and flow regurgitation into the LV in diastole (d; red arrow). 

Bottom panel: (e) Live 3D FV short-axis view of the valved conduit 
(orange arrows) and pseudoaneurysm (yellow arrows). (f, g) IO photos 
of dehised conduit (dark blue arrows) and adjacent pseudoaneurysm 
(yellow arrows). Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. CFD, color flow Doppler; 
FV, Full Volume; LA, left atrium; LV, left ventricle; LVOT, left ven-
tricular outflow tract
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Native and Prosthetic Valve 
Endocarditis: Incremental Value of 3DE 
over 2DE

Joseph F. Maalouf and Francesco F. Faletra

Two dimensional echocardiography (2DE) and in particular 
transesophageal echocardiography (TEE) plays a pivotal role 
in the diagnosis of infective endocarditis (IE), recognition of 
its associated complications, and guiding management [1–
4]. 2DE is limited by its tomographic nature, however, and 
imaging can be challenging when there is valve calcification 
or prosthetic material [1–4]. These limitations can be over-
come by three dimensional echocardiography (3DE) and in 
particular 3D TEE, that provides enface assessment of car-
diac anatomy and pathology from a single imaging window. 
In patients with native and prosthetic valve endocarditis, 3D 
TEE not only complements 2D TEE by providing additional 
information and enhancing diagnostic accuracy, but may be 
superior to 2D TEE for identifying complications of IE [5–
8]. Moreover, multiplanar reconstruction of the 3D volumet-
ric data set, allows visualization of cardiac involvement by 
endocarditis from virtually any desired perspective.

Vegetations are the hall mark of endocarditis (Fig. 17.1). 
Berdejo et al. [9] showed that 2D TEE might underestimate 
the true size of a vegetation and its morphology, which was 
overcome with the use of 3D TEE. Hansalia et al. [10] com-
pared 3D TEE to 2D TEE in 13 patients with valvular vege-
tations and concluded that 3D TEE was superior in 
determining the presence and site of valvular vegetations 
that were found during cardiac surgery. Moreover, the dimen-

sions and volume of vegetations, and their spatial character-
ization, important determinants of embolic potential, can 
also be accurately determined by 3DE [10].

3D TEE is also the preferred imaging tool for diagnosis 
of a spectrum of endocarditis related complications 
(Figs. 17.2, 17.3, 17.4, 17.5, and 17.6). These include valve 
perforations and destruction (Figs. 17.2 and 17.4) [8, 11], 
and abscess formation (Figs.  17.5 and 17.6). Imaging of 
native aortic or mitral valve perforations can be very chal-
lenging with 2D TEE and may require imaging from uncon-
ventional acoustic windows and multiple probe manipulation. 
In contrast, enface views of the entire mitral or aortic valve 
from a single imaging window with 3D TEE allow for rapid 
diagnosis of leaflet perforation (Fig. 17.4) or valve destruc-
tion (Fig. 17.2) including extent of damage. In a large, retro-
spective case series of valve perforations reported by 
Thompson et al. [12], the use of 3D TEE was able to iden-
tify four cases of valve perforation not otherwise detected 
by standard 2D.

Abscess formation is usually associated with valve pros-
theses in particular in the aortic position. Because abscesses 
typically are not limited to specific tissue planes, they can 
extend in directions beyond the tomographic planes that are 
routinely acquired on 2D TEE [6, 7]. 3D TEE may be supe-
rior to standard 2D TEE for characterizing complex cardiac 
abscesses such as Intramural or intramyocardial abscesses 
(Figs. 17.5 and 17.6) [6].

Prosthetic valve sewing ring dehiscence (see Chap. 15) 
and mycotic aneurysms (Figs. 17.3 and 17.6) are other com-
plications of IE that are readily detected on imaging with 3D 
TEE, particularly when the mitral valve is involved because 
it lends itself best to imaging with TEE [7]. Diagnosis and 
assessment of the extent of mitral prostheses sewing ring 
dehiscence using 2D imaging often requires extensive probe 
manipulation. With 3D TEE enface views of the mitral valve 
prosthesis and its bed from both the left atrium (surgeon’s 
view) and left ventricular perspective can be readily obtained 
from a single acoustic window (see Chap. 15). This improves 
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a b

c d

e f

Fig. 17.1 Top panel: 3D TEE enface “surgeon’s view” of the base of 
the heart. (a) Large right atrial vegetation (dark blue arrow) and smaller 
left atrial vegetation (yellow arrow). The atrial septum is marked by 
stars. (b) Cropped down image shows that the aforementioned vegeta-
tions are not distinct, but rather form a continuum through the internal 
cardiac crux (red arrow). Middle panel: (c) enface RA view showing a 
large TV vegetation (red arrow) .Yellow arrow points to atrial septum. 
(d) Flail AML with ruptured chordae (red arrows) secondary to strepto-
coccus mitis endocarditis. Note that the appearance of ruptured chords 
can mimic vegetations particularly on 3DE because of blurring or 
amplification artifacts (see Chap. 3), and integration of clinical and 
other imaging data may be necessary. Light blue arrow points to ostium 

of LAA. Bottom panel: (e) Multiple small vegetations (red arrows), 
secondary to the commensal organism Propionibacterium acnes, on 
annuloplasty ring in a patient who had undergone surgical MV repair 
with insertion of a Carpentier-Edwards Physio ring 7 years earlier . The 
dark blue arrow points to orifice of LAA. Orifice of the MV is marked 
by a star. (f) One of the vegetations as seen intraoperatively (yellow 
arrow). Note the soft and fleshy appearance. Used with permission of 
Mayo Foundation for Medical Education and Research. All rights 
reserved. A, anterior; AML, anterior mitral leaflet; AV, aortic valve; L, 
lateral; LA, left atrium; LAA, left atrial appendage; M, medial; MV, 
mitral valve; P, posterior; RA, right atrium; TV, tricuspid valve
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communication with the treating team as the 3D image alle-
viates the need for “mental reconstruction” of the 2D images 
[7]. Accurate delineation of the extent of cardiac  involvement 
by endocarditis also enables better risk stratification of 
patients with IE that can translate to better surgical decision 
making including timing of surgical intervention [7]. The 
information provided by 3D TEE also has important implica-
tions for preoperative surgical planning because it permits 
surgeons to further anticipate operative findings and plan the 
appropriate repair strategy [7]. Pseudoaneurysm is a rare yet 
well-known complication of endocarditis secondary to 
highly invasive organisms. When present, pseudoaneurysms 
are commonly secondary to abscesses in the region of the 
mitral-aortic intervalvular fibrosa (Figs. 17.5 and 17.6), also 

referred to as the aorto-mitral curtain, an avascular, fibrous 
area that separates the aortic valve from the anterior mitral 
leaflet [7, 13, 14]. Accurate characterization of the location, 
extent or fistulization of these aneurysms is key to guiding 
surgical management [7, 13, 14]. Newer 3D platforms now 
allow for higher temporal and spatial resolution, main limita-
tions of earlier 3D technologies.

In patients with right sided IE (Fig. 17.1), 3D TEE pro-
vides additional delineation of IE involving right sided 
valves. In a study performed by Naqvi and colleagues [15], 
the use of real time 3D TEE in the setting of a tricuspid 
prosthetic valve or tricuspid annuloplasty was able to locate 
challenging right-sided vegetations despite artefact on tra-
ditional TTE and TEE. Another study by Utsunomiya et al. 

a b

c d

Fig. 17.2 36 year old male with MSSA endocarditis complicated by 
stroke. Top panel: (a) 2D TEE images showing a very large mitral 
valve vegetation (yellow arrows). (b) Severe MR (yellow arrows). Note 
that the origin of the jet (red arrow) is adjacent to the LAA (star). 
Bottom panel: (c) 3D TEE enface LA view of the MV showing a large 
anterolateral defect (red arrows) extending to the annulus. The blue 
arrows point to the vegetation. (d) Intraoperative photograph showing 

the large defect secondary to destructive endocarditis (yellow arrows) 
and the vegetation (blue arrows). Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. A, 
anterior; L, lateral; LA, left atrium; LAA, left atrial appendage; LV, left 
ventricle; M, medial; MR, mitral regurgitation; MSSA, methicillin sen-
sitive Staphylococcus aureus; MV, mitral valve; P, posterior
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[16] found that the maximum length of a vegetation in tri-
cuspid valve endocarditis was a significant predictor of the 
occurrence of pulmonary embolism, and the additional use 
of 3D TEE with 2D TEE was believed to help identify those 
at high risk of recurrent pulmonary embolism. Similarly, 
the use of 3D TEE in patients who underwent surgery for 
native tricuspid valve endocarditis proved to be superior 

compared to standard 2D TEE allowing enhanced visual-
ization of the  tricuspid valve apparatus, vegetations and 
surrounding anatomy [16]. There is no clear advantage of 
3DE over 2DE in the diagnosis of device lead endocarditis, 
but 3D TEE may improve the safety and outcome of com-
plex transvenous lead extractions [17] in patients with 
endocarditis.

a b

c d

Fig. 17.3 Top panel: (a) 2D TEE in a 58 year old male with MRSA 
MV endocarditis. A large mycotic aneurysm is seen (yellow arrows). 
(b) 3D TEE enface LA view showing the mycotic aneurysm (yellow 
arrows) at base of A3 segment of the AML. Red arrow points to ostium 
of LAA. Bottom panel: (c) Site of rupture of the mycotic aneurysm 
into the LA (arrow) using TrueVue function (Philips Ultrasound) and 
adjusting depth of the light source on the 3D image. (d) 3D CFD show-

ing MR (red arrows) through the ruptured mycotic aneurysm. Used 
with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved. A, anterior; AML, anterior mitral leaflet; 
AV, aortic valve; CFD, color flow Doppler; L, lateral; LA, left atrium; 
LAA, left atrial appendage; LV, left ventricle; M, medial; MR, mitral 
regurgitation; MRSA, methicillin resistant Staphylococcus aureus; MV, 
mitral valve; P, posterior
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Fig. 17.4 Pre-bypass TEE in a 67 year old man with history of MSSA 
endocarditis and severe AR. Top panel: (a) 2D TEE mid-esophageal 
short-axis view of the AV; (b) CFD showing AR that appears to origi-
nate from the non-coronary cusp (arrow). Middle panel: (c) Live 3D 
CFD of AV with color suppress on showing a large perforation in the 
non-coronary cusp (arrow); (d) CFD shows regurgitant flow through 
the perforation (arrow). Bottom panel: (e) Intraoperative photo show-

ing tip of forceps going through the perforation; (f) Excised AV cusps 
showing perforation (arrow) in non-coronary cusp. Used with permis-
sion of Mayo Foundation for Medical Education and Research. All 
rights reserved. AR, aortic regurgitation; AV, aortic valve; CFD, color 
flow Doppler; L, left coronary cusp; MSSA, methicillin sensitive 
Staphylococcus aureus; N, non-coronary cusp; R, right coronary cusp; 
RVOT, right ventricular outflow tract
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Fig. 17.5 Intraoperative pre-bypass TEE in a 71 year old man with 
complex MRSA endocarditis complicated by aortic root abscess and 
AML mycotic aneurysm that ruptured into the LA. Top panel: 2D TEE 
long-axis view of AV in systole (a, double headed arrow) and with CFD 
in diastole (b, arrows). The AV appears normal and there is no evidence 
of AR. Second panel: 2D TEE color-compare images from same angle 
of view (145°) but with off-axis imaging. (c) There is disruption of the 
aorto-mitral curtain (the intervening tissue between the mitral and aor-
tic valves also known as MAIVF; light blue arrow); with diastolic flow 
from the MAIVF into the LV on CFD (yellow arrow). (d) Systolic flow 
(yellow arrow) from LV through the AML(red arrow) into the LA is 
appreciated on slight counterclockwise rotation of the ultrasound probe, 
orange arrow points to PML, and light blue arrow points to the discon-
tinuity in the MAIVF. Third panel: Live 3D of same 2D image. (e) 
AML mycotic aneurysm (yellow arrow). Red double headed arrow 
points to AV leaflets; (f) The shape and size of the discontinuity in the 
MAIVF (dark blue arrow) can be appreciated on slight rotation of the 

image. Red arrow points to AML and orange arrow points to PML. 
Bottom panel. multibeat FV 3D. (g) “Surgeon’s view” of cropped base 
of left heart showing an abscess cavity in the MAIVF (red arrows) pos-
terior to the left coronary cusp (LC). The dark blue arrow points to 
ostium of LAA. (h) Spatial relationship of the AML mycotic aneurysm 
(yellow arrow) to the abscess cavity (red arrows) can be appreciated on 
3D. The orthogonal 2D sector images at the bottom are derived from the 
FV 3D data set. Red arrow points to the abscess cavity adjacent to LAA 
(white arrow). The double headed red arrow points to the AV. Used with 
permission of Mayo Foundation for Medical Education and Research. 
All rights reserved. A, anterior; Ao, ascending aorta; AML, anterior 
mitral leaflet; AR, aortic regurgitation; AV, aortic valve; CFD, color 
flow Doppler; FV, full volume; L, lateral; LC, left coronary cusp; LA, 
left atrium; LAA, left atrial appendage; LV, left ventricle; M, medial; 
MAIVF, mitral aortic intervalvular fibrosa; MRSA, methicillin resistant 
Staphylococcus aureus; NC, non-coronary cusp; P, posterior; RC, right 
coronary cusp

a b

c d

J. F. Maalouf and F. F. Faletra



221

g h

e f

Fig. 17.5 (continued)

a b

Fig. 17.6 Preoperative TEE in a patient with AVP Haemophilus para-
influenzae endocarditis with native MV involvement . Top panel: (a) 
2D TEE long axis view of ascending aorta showing a posterior aortic 
root MAIVF abscess (blue arrows) and a ruptured mycotic aneurysm 
(yellow arrow). The double headed red arrow points to the AVP struts. 
(b) Enface “surgeon’s view” of the mycotic aneurysm (yellow arrows) 
above the plane of the MV and the MAIVF abscess (star) that bulges 
into the LA.  The red arrows are pointing to the AVP sewing ring. 

Bottom panel: (c) 3D enface view of the opening of the mycotic aneu-
rysm (red arrows) into the LA and (d) intraoperative appearance of the 
ruptured mycotic aneurysm as seen in c (yellow arrows). Used with 
permission of Mayo Foundation for Medical Education and Research. 
All rights reserved. Ao, ascending aorta; AVP, aortic valve prosthesis; 
LA, left atrium; LV, left ventricle; MAIVF, mitral aortic intervalvular 
fibrosa; MV, mitral valve
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CT and MRI Correlations with 3DE 
in Assessment of Prosthetic Valves 
Including New Trends

Kathleen A. Young, Korosh Sharain, Nandan S. Anavekar, 
and Thomas A. Foley

Valvular heart disease is a significant cause of morbidity and 
mortality in the cardiovascular patient [1–3]. As the popula-
tion is aging, the number of valve interventions is also 
increasing [4, 5]. Surgical or catheter-based interventions for 
native valvular heart disease is commonly viewed as an 
exchange of one valve disease for another, as prosthetic heart 
valves require ongoing monitoring due to a number of poten-
tial complications which can result in prosthetic valve dys-
function [6].

Typically, echocardiography is the first-line modality to 
evaluate prosthetic valve function [7, 8]. However, in the 
setting of a prosthetic valve, echocardiography may have 
limitations due to shadowing and artifact. Cardiac com-
puted tomography (CT) and magnetic resonance imaging 
(MRI) are increasingly utilized to aide in diagnosis and 
management of common causes of prosthetic valve dys-
function [4, 9].

For prosthetic heart valves, assessment for both pros-
thetic and periprosthetic regurgitation is an imperative com-

ponent of the postoperative echocardiographic exam. 
Frequently, transesophageal echocardiography (TEE) is 
needed to localize and fully assess degree of regurgitation 
when present [8, 10]. Independently, cardiac CT and MRI 
are inadequate for detection of prosthetic regurgitation [4]. 
However, cardiac CT is a helpful adjunct in the procedural 
planning for perivalvular leak closure. The perivalvular leak 
is often detected by visualization of contrast agent extrava-
sation (Fig. 18.1, [4]).

When prosthetic valve obstruction is suspected, prosthetic 
valve leaflet motion is an important assessment which may 
be difficult to assess on echocardiography. Cardiac CT has 
been shown to be very accurate in assessment of leaflet 
motion [4]. In addition, cardiac CT can add further informa-
tion on the presence or absence of prosthetic valve thrombus 
or pannus (Fig.  18.2). Tissue differentiation based on CT 
attenuation is not well established; however, higher attenua-
tion has been found with pannus formation versus thrombus 
[4, 11].

Prosthetic valve infective endocarditis is a dreaded com-
plication, of which the diagnosis can be challenging. There 
are often limits to the assessment of the valve prosthesis and 
surrounding structures by echocardiography and multimo-
dality imaging approaches are increasing utilized. Cardiac 
CT in particular is integral in the assessment for peripros-
thetic extension of infection (Fig. 18.3, [12]).

In summary, there is an increasing role for multimodal-
ity imaging in the assessment of prosthetic valves. Cardiac 
MRI is beneficial and complementary for evaluation of 
cardiac dimensions, volumetric assessment of heart cham-
bers, assessment of leaflet motion, and detection of regur-
gitation [4, 9]. In comparison, the role of cardiac CT is 
perhaps more vast and has been included in recent valve 
guidelines for various applications including: assessment 
of leaflet motion, evaluation for thrombus or pannus, imag-
ing of valve cusps in the setting of bioprosthesis degenera-
tion, and structural evaluation in suspected periprosthetic 
infection [4, 7, 8].
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LV

Aorta

Fig. 18.1 Periprosthetic Leak: Patient was found to have severe peri-
prosthetic leak on transthoracic echocardiography after transcatheter 
heart valve placement. Retrospective gated cardiac computed tomogra-
phy was performed for preprocedural planning of perileak closure. Left 
panel (axial reconstruction view of the prosthetic aortic valve)—the 
metal frame of the prosthetic valve is well visualized as the centrally 
located bright signal circular structure. There is a contrast filled channel 
external to the transcatheter heart valve in the 2–3 O’clock position 

(arrows). Right panel (coronal reconstruction view)—there is a contrast 
filled channel which extends from the superior portion of the prosthetic 
aortic valve caudally into the left ventricular outflow tract (arrows). 
These findings were consistent with the known periprosthetic leak. The 
channel measured 3  mm in caliber in diastole and the location was 
clearly visualized as described above. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. 
LA, left atrium; LV, left ventricle; RA right atrium
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Aorta

LV

LA

Fig. 18.2 Prosthetic Valve 
Thrombus/Pannus. This patient 
presented with dyspnea on 
exertion 12 months after his 
transcatheter heart valve 
procedure, and was found to 
have an increased gradient 
across the prosthetic aortic 
valve by transthoracic 
echocardiography (post-
procedure gradient of 
13 mmHg increased to 
32 mmHg). Retrospective gated 
cardiac computed tomography 
was performed to evaluate 
aortic valve cusp anatomy and 
motion. Top panel (axial 
reconstruction view)—the 
metal frame of the prosthetic 
valve is well visualized as the 
centrally located bright signal 
circular structure. In systole, 
the right coronary cusp 
remained in a semi-fixed closed 
position and there was a 
hypoattenuating density present 
on the cusp (arrow). Bottom 
panel (coronal reconstruction 
view)—again seen is the right 
coronary cusp remaining in a 
semi-closed position in systole 
with the hypoattenuating 
density on the cusp (arrow). On 
cine imaging, the right coronary 
cusp was relatively immobile. 
These findings were consistent 
with valve thrombosis of the 
right coronary cusp. The 
patient’s aortic valve gradient 
improved to 15 mmHg after 
3 months of anticoagulation. 
Used with permission of Mayo 
Foundation for Medical 
Education and Research. All 
rights reserved. LA, left atrium; 
LV, left ventricle
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a

b

Fig. 18.3 Prosthetic Valve Endocarditis and Aortic Root Abscess: 
Patient with a history of bioprosthetic aortic valve replacement pre-
sented with weight loss, fevers, and a rash concerning for endocarditis. 
Transesophageal echocardiogram demonstrated aortic root abscess 
with likely prosthetic valve dehiscence. Retrospective gated cardiac 
computed tomography was performed to evaluate the extent of the 
abscess and for surgical planning. Top panel (three chamber view)—
there was a near circumferential aortic root abscess (red arrows). There 
were also anterior and posterior pseudoaneurysms of the left ventricular 

outflow tract (yellow arrows). Additionally, the right coronary cusp can 
be seen prolapsing into the left ventricular outflow tract (white star) 
with just a small attachment point to the aortic root (blue arrow) which 
is consistent with prosthetic valve dehiscence. Middle panel. Left: 
(axial reconstruction view)—the near circumferential root abscess is 
again visualized (red arrows). Right: Surgical specimen demonstrating 
significant destruction of the bioprosthetic valve. Used with permission 
of Mayo Foundation for Medical Education and Research. All rights 
reserved. Ao, aorta; LA, left atrium; LV, left ventricle
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Normal 3DE Anatomy of Atrial Septum: 
Image Display and Anatomical Specimen 
Correlations

Francesco F. Faletra, Laura A. Leo, Susanne A. Schlossbauer, 
Vera L. Paiocchi, Elisa Gherbesi, and Marco Valgimigli

 Interatrial Septum

 Atrial Septation

Atrial septation begins with the appearance of a thin crescent 
ridge of connective tissue that grows from the atrial roof and is 
called septum primum (SP). The free edge of the SP is covered 
by mesenchymal cells (mesenchymal cup). The SP descends 
towards the endocardial cushions and the gap between the 
leading edge of the SP and the endocardial cushions is called 
ostium primum (OP). Before the fusion between SP and endo-
cardial cushions takes place, in the upper part of the SP, cell 
apoptosis results in multiple small holes which eventually 
coalesce creating a new communication between the right and 
left sides of the primitive atrium: the ostium secundum (OS). 
The OS allows blood flow passage from the right to the left 
heart through the primitive septation once the OP is obliter-
ated. At the same time, a “folding” of the atrial wall, appears 
to the right side of the SP progressively extending in anterior, 
superior, posterior and inferior directions overlapping and 
encircling the SP: this folding takes the name of septum secun-
dum (SS). Thus, seen from a right atrial perspective, the SP 
becomes the floor of the fossa ovalis (FO), while the SS is the 
muscular part of the IAS, on all sides of the SP [1]. In fetal life, 
the SP works as a flap valve guiding blood flow from right 
atrium to left atrium through the OS.  After birth, pressure 

increase in the left atrium pushes the flap valve against the 
muscular rim, leading to functional closure of the OS (see 
Chap. 27).

 The Adult IAS

With the body in anterior-posterior position, the right atrium 
lies anterior and to the right, whilst the left atrium is posterior 
and slightly to the left. The position of atrial cavities deter-
mines the orientation of the IAS with respect to the body 
planes. With the body in anterior-posterior orientation, the 
plane of the IAS is oriented obliquely extending from right-
superior to left-anterior position with an angle approximately 
of 60°. Of note, this angle may change with pathological left 
and right atrial enlargement.

Cadaveric hearts remain the state-of-the-art for describing 
anatomy of the IAS [2]. However, two/three-dimensional 
transesophageal echocardiography (2D/3D TEE) and cardiac 
magnetic resonance (CMR) today allow visualization of all 
anatomical details of the IAS either in cross section or in “en 
face” view. Particularly, 3D TEE has the unique ability of 
showing the surfaces of the IAS from both the left and right- 
atrial perspectives (Fig. 19.1). As viewed from the left atrium, 
the IAS is almost featureless (Fig. 19.1a). In contrast, the IAS 
from the right atrium appears as an extensive muscular area 
interposed between the two atrial cavities and surrounding the 
fossa ovalis (FO). Boundaries of this area are the orifice of the 
inferior vena cava, (IVC), the right atrial appendage, the supe-
rior vena cava (SVC), and insertion of the septal leaflet of the 
tricuspid valve (TV). Several anatomic structures can be recog-
nized: the FO with its crater- shaped feature, the Eustachian 
valve (EV), and the orifice of the coronary sinus (CS) 
(Fig. 19.1b). Particularly relevant is the fact that the so-called 
triangle of Koch can be imaged on the right side of the 
IAS. Named by German pathologist and cardiologist Walter 
Karl Koch in 1909 [3], this triangle is an anatomic area limited 
by the superior margin of the coronary sinus orifice, septal leaf-
let of the tricuspid valve and by the tendon of Todaro. This 
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latter is a collagen band, which runs antero-superiorly within 
the sub-endocardium of the right atrium, travelling between 
the FO and the orifice of the CS and ending nearby the mem-
branous septum. However, while the coronary sinus orifice and 
the hinge line of septal leaflet of the tricuspid valve are easily 
recognizable, the tendon of Todaro is not visible on the gross 
anatomic specimen or during surgical inspection. Although 

only seen microscopically, the tendon of Todaro in the operat-
ing room can be virtually traced as the continuation of the 
Eustachian ridge. Though an “imaginary” geometrical figure, 
the triangle of Koch is an important landmark for cardiac sur-
geons to localize the compact AV node (located near the apex 
of the triangle) and the His bundle (located below the inferior 
margin of the membranous septum, where the tendon ends).

a b

c d

Fig. 19.1 (a) 3D TEE image of the left side of the IAS appearing as an 
extensive interposed structure in between the two atrial cavities (b) 3D 
TEE image of the right side of the IAS showing several landmarks (see 
text). The dotted triangle represents the triangle of Koch (c) 3D TEE 
cross section of the IAS in anatomical position. This image shows the 
septum secondum (SS) as a muscular protuberance dividing the right 
atrium (RA) from the left atrium (LA); (d) CMR cine sequence, show-

ing that the SS is an enfolding of the atrial wall with a three-layered 
configuration (i.e. the two atrial walls and the epicardial adipose tissue 
(EAT) in between). AO, Aorta; CS, coronary sinus; FO, fossa ovalis; 
IAS, interatrial septum; IVC, inferior vena cava; NCS, non-coronary 
sinus; LA, left atrium; MV, mitral valve; NCS, noncoronary sinus; RA, 
right atrium; SP, septum primum; SS, septum secodum; SVC, superior 
vena cava
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Anatomists describe the IAS as a partition between the two 
atria. Consequently, removal or puncturing this area is supposed 
to create a communication between the two atrial cavities with-
out producing an exit from the heart. Following this anatomical 
criterion, only the floor of the FO, i.e. the SP, should be labelled 
IAS. Indeed, as briefly mentioned in the paragraph “atrial septa-
tion”, the muscular area, surrounding the posterior, superior and 
inferior margins of the FO, called SS, is a folding of the atrial 
wall. Removal or puncturing this region causes an exit from the 
cavities of the heart into epicardial fat or into the extra-cardiac 
space. This folding, was first described in the nineteenth century 
by Waterston and today it is known as the Waterston groove or 
interatrial groove. It is filled with epicardial adipose tissue 
(EAT) and contains the sinus node artery [4].

In conclusion, the SS is a three-layered structure formed by 
the muscular tissue of the two atrial walls with the epicardial 
adipose tissue (EAT) located in between. 2D and3D TEE usually 
fail to identify the adipose tissue inside the folding (Fig. 19.1c). 
Without any doubt, the best imaging modality to illustrate the SS 
architecture is CMR. This technique allows a clear distinction 
between muscular and adipose tissue when a specific pulse 
sequence, called Steady State Free Precession (SSFP) is used. 
SSFP provides a strong signal from the blood and fat, and a weak 
signal from the muscular tissue and is therefore capable of distin-
guishing the adipose tissue located within the fold of the atrial 
walls from the atrial walls themselves (Fig. 19.1c, d).

The FO may have different sizes depending on the variable 
extension of the folding, and on the dimension of the atrial 

cavities. Defining the size of FO is important because the only 
site for safest transseptal crossing is through the FO. Though 
formed by a folding of the atrial wall, the SS undeniably con-
tributes to a septation between the atrial cavities and can prop-
erly be labelled as “septum”.

 Drop Out Artifacts

Although 3D TEE is very consistent in visualizing the IAS 
according to an “en face” perspective, “false” defects espe-
cially at the level of the FO may appear on 3D images. These 
defects are technically named “drop out artifacts” [5] (see 
Chap. 3). There are two main reasons for this phenomenon. 
The first is that the FO is much thinner than the surrounding 
SS. Although the ultrasound beams in TEE echocardiography 
have a very high frequency (5 MHz), the wavelength may be 
not short enough to intersect this very thin structure. Thus, 
reflection of return echoes may be substantially absent in 
some areas of the FO. The second reason is that not infre-
quently the FO is rather oblique or even parallel to the ultra-
sound beam. As a result, the FO reflects weak and scattered 
rather than strong specular echoes. Scattered echoes are not 
strong enough to allow perfect reconstruction of the FO sur-
face and, consequently, the thin FO connective tissue is repre-
sented on the echocardiographic image with anatomical 
discontinuities which may be erroneously interpreted as 
defects (Fig. 19.2).

a b

Fig. 19.2 (a) 2D TEE showing that the IAS is partially parallel to the 
ultrasound beam (thick arrows). As a result, the FO reflects weak and 
scattered echos (thin arrows) rather than specular echoes, which may 

create apparent defects inside the FO. (b) 3D TEE images of the IAS 
from the left atrial perspective. The arrow points to the defect created by 
dropout artifacts. FO, fossa ovalis; IAS, interatrial septum

19 Normal 3DE Anatomy of Atrial Septum: Image Display and Anatomical Specimen Correlations
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 Misnomers

Some misnomers, which derive from incomplete understand-
ing of the peculiar anatomy of the SS, are outlined below:

 1. The term “lipomatous hypertrophy” of the IAS, coined by 
Prior in 1964 [6], is incorrect for several reasons: (a) the term 
“lipomatous” is itself misleading because, unlike a true 
lipoma, this lipomatous tissue is not encapsulated; (b) Also 
the term “hypertrophy” is misleading since the accumulation 
of fat is due to an increased number of adipocytes (hyperpla-
sia) and not to an increased size of individual adipocyte 
(hypertrophy). (c) the accumulation of adipocytes is not an 
adipose “infiltration” of the IAS, as often described, but just 
the presence of an abnormal amount of extracardiac fat that 
occupies the folding of the SS in continuity with the epicar-
dial adipose tissue (Fig. 19.4a). Thus, rather than labeling 
this entity as a disease, tumor, or disorder, as often described 
in the literature, it should be simply considered an “anatomi-
cal variant”. It is however believed that large amount of fat 
accumulation may sporadically cause geometrical distortion 
of the atrial walls and atrial arrhythmias or, very rarely, pres-
ents as a protruding atrial mass which may partially obstruct 
the IVC inflow. Echocardiographers, surgeons, interven-
tional cardiologists and electrophysiologists should there-
fore know that the so-called “lipomatous hypertrophy” of the 
IAS is nothing other than an excess accumulation of extra-
cardiac fat within the folds of the SS [7].

 2. Among the subtypes of atrial septal defects only the septum 
secundum type, should be labelled as an interatrial “septal” 
communication. The other subtypes (i.e. sinus venousus, 
ostium primum, unroofed coronary sinus) should be consid-
ered more correctly as interatrial “extra- septal” communica-
tions, since the shunt between the atrial chambers occurs 
outside the border of the true atrial septum.

 3. The old classification of septal aneurysm as “limited” to 
the fossa ovalis or “involving the entire septum” is highly 
misleading. Indeed, septal aneurysms are always limited 
to the FO, and may be small or large according the size of 
the FO, considering that a three-layered structure of fat- 
filled muscular sandwich cannot be part of an aneurysmal 
formation (Fig. 19.4b).

 The Septal Pouch

The septal pouch was described by Krushnan and Salazar [8] as 
a new anatomic entity. These investigators examined 94 autop-
sied hearts focusing on the pattern of fusion between SP and 
SS. They found that 27% had a PFO. Among the remaining 68 
hearts without PFO, only 27 had complete fusion, whereas in 41 
the fusion was incomplete with a Kangaroo-like pocket opening 
into the left atrium in 37 anatomic specimens, and in 4 into the 
right atrium. They named this blind ended pocket septal pouch. 
These authors hypothesized that fusion between SP and SS starts 
at the caudal margin of the zone of overlap and continues in a 
cranial direction. The more frequent location of a left sided 
pouch due to incomplete fusion can be explained by the fact the 
SP is a left sided structure. Whether the stagnant blood in the 
pouch may be a site of blood stasis and thrombus formation, 
analogous to the left atrial appendage, remains unclear. Indeed, 
case reports have shown the presence of thrombus within the 
pouch in patients with cryptogenic stroke. However, epidemio-
logical studies remain contradictory. While a meta-analysis per-
formed in 2017 detected no difference in left septal pouch 
prevalence between controls and patients with ischemic stroke, 
more recent studies showed that the presence of a left septal 
pouch (Figs. 19.3 and 19.4c) was associated with an increased 
risk for cryptogenic stroke [9–13]. Certainly, a better understand-
ing and awareness of the role played by the septal pouch, espe-

a b

Fig. 19.3 Left side atrial septal pouch (Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved): 
(a) xPlane of atrial septum showing an apical pouch (astersiks) between 

the septum primum (arrows) and septum secondum (SS). (b) 3D view 
of the left sided Kangaroo-like septal pouch (arrows). AV, aortic valve; 
LA, left atrium; RA, right atrium
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cially if left- sided, may potentially expand our knowledge of 
cardio- embolic stroke, considering that the septal pouch may be 
a novel contributor to thrombus formation within the left atrium.

 Ridges

The left side of the IAS, with the exception of the septal pouch, 
is almost featureless. Rarely, a prominent ridge-like formation 

runs laterally to the oval fossa and extends to the atrial free 
wall [13]. Whether this ridge, which potentially may interfere 
with the septal puncture or catheter navigation into the left 
atrium, is acquired or due to a kind of “irregular” fusion 
between septum primum and septum secundum remains spec-
ulative (Fig. 19.4d).

a b

c d

Fig. 19.4 (a) 3D TEE image obtained cropping longitudinally the so- 
called lipomatous septum. The image clearly shows how the epicardial 
adipose tissue (EAT) penetrates the folding of the SS (dotted line). (b) 
3D TEE image showing a FO aneurysm (arrows). (c) 3D TEE image 

showing a septal pouch (dotted arrow). (d) 3D TEE image showing a 
ridge on the left atrial surface of the IAS (arrows). AO, ascending aorta; 
FO, fossa ovalis; IAS, interatrial septum
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 The Atrio-Ventricular Junction

The name atrio-ventricular junction, refers the junction 
between septa and the hinge line of atrioventricular valves. 
This region is also named “crux cordis”. Silverman and Shiller 
in a paper entitled “apex echocardiography” described this 
region using 2D transthoracic echocardiography [14]. With 
the transducer placed on the apex of the heart, they obtained a 
cross-section where the four chambers of the heart were visu-
alized simultaneously. This section, now well-known as apical 
four-chamber view, is today one of the most informative echo-
cardiographic cross-sections and is available in almost every 
case. The most peculiar anatomical feature of this area is the 
hinge line of the tricuspid septal leaflet, which is positioned 
more apically than the corresponding hinge of the mitral leaf-
let. In the normal adult, the distance between the two hinge 
lines should not exceed 8–9 mm/m2. The tricuspid valve is 
always associated with the morphologic right ventricle. Thus, 
the low insertion of the tricuspid septal leaflet is a useful 
marker to recognize the morphological right ventricle in com-
plex congenital heart disease. Given this arrangement, the por-
tion of septum between the two hinge lines is termed 
atrio-ventricular septum (AVS) because it is placed between 

the right atrium and the left ventricle. The AVS, was described 
in the past as a muscular partition between right atrium and 
left ventricle. More recent anatomical observations have 
shown that the AVS is formed by the atrial wall on the right 
side and the crest of the interventricular septum on the left 
side. Between these two muscular partitions, there is a small 
amount of adipose tissue originating from the inferior pyrami-
dal space [15]. The inferior pyramidal space is a three-dimen-
sional pyramidal-shaped extracardiac area containing 
epicardial adipose tissue (EAT) situated in between the atrial 
walls and the ventricular walls in the posterior-inferior epicar-
dial surface of the heart (the so-called cardiac crux). Recently 
this area was re-named “atrio-ventricular muscular sandwich” 
with the adipose tissue in between the two muscular tissue 
representing the “meat” in the sandwich. Current non- invasive 
imaging techniques can clearly illustrate the atrio- ventricular 
region, but they fail to distinguish this fine anatomical arrange-
ment since it is beyond their spatial resolution power. However, 
in some cases, where the adipose tissue is abundant enough to 
separate the atrial wall from the ventricular crest this sandwich 
arrangement can be appreciated by using the SSFP sequences 
of CMR (Fig. 19.5).

Fig. 19.5 Modified with permission from Faletra et  al: in “Atlas of 
non-invasive imaging in cardiac anatomy” page 59 from Springer 
Nature Switzerland 2020. The (a) and (b) panels show in four-chamber 
view the anatomical architecture of the septum primum (SP) corre-
sponding to the fossa ovalis (FO), the septum secundum (SS) and the 

atrioventricular (AV) muscular sandwich, the anatomic and histological 
specimens shown in panels (c) and (d) show the same structures. The 
asterisks in panel (b), (c), (d) mark small amount of adipose tissue 
originating from the inferior pyramidal space (see text)

a b
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c dc d

Fig. 19.5 (continued)
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Atrial Septal Defects: 2DE vs 3DE 
and Anatomic Specimen

Francesco F. Faletra, Vera L. Paiocchi, Laura A. Leo, 
Susanne A. Schlossbauer, and S. Yen Ho

Atrial septal defects (ASDs) embrace a group of congenital 
cardiac anomalies that allow communication between the left 
and right atrial cavities. These defects are among the most 
common congenital heart anomaly with an approximate birth 
prevalence of 1.6 in 1000 individuals [1]. There are four types 
of ASDs: secundum ASD (S-ASD), sinus venosus ASD 
(SV-ASD), unroofed coronary sinus ASD (UCS-ASD) and 
primum ASD (P-ASD). Figure 20.1 is a 3D TEE image of the 
interatrial septum visualized from a right atrial perspective 
with superimposed locations of the aforementioned defects.

Most patients with ASD, even when large, remain asymp-
tomatic throughout most of childhood. In the majority of 
cases, the diagnosis is made incidentally by an echocardio-
gram required because of a heart murmur or because of 
abnormal findings on the electrocardiogram or chest X-ray. 
Until the third decade of life, shortness of breath with exer-
cise or palpitations are uncommon. Conversely, in the fourth/
fifth decades, patients with large ASD may complain of 
fatigue, exercise intolerance and/or arrhythmias [2, 3].

The decision to repair an ASD is based on clinical and 
echocardiographic information which include (a) size and 
location of ASD; (b) hemodynamic impact of the left-to- right 
shunt and associated right ventricular volume overload (this 
typically occurs when the Qp:Qs ratio is greater than 1.5 to 1) 
and (c) the presence and degree of pulmonary hypertension.

Pulmonary hypertension (PH), defined as a mean pulmo-
nary artery pressure ≥25 mm Hg, pulmonary capillary wedge 
pressure ≤15 mm Hg, and pulmonary vascular resistance ≥3 
Wood units) is a significant complication in adults with large 
ASD and has been noted in 6–30%, while severe PH (sys-
tolic pressure >60  mmHg) is seen in 9–22% of cases [2]. 
These patients have more severe symptoms such as, syncope, 
thromboembolism and cyanosis. Of note preoperative PH 
remains predictive of mortality, heart failure, and arrhyth-
mias even after closure of the ASD. According to the guide-
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Fig. 20.1 3D TEE images of the right side of the interatrial septum. 
Superimposed are the locations of subtypes of atrial septal defect 
(ASD). SV-ASD, sinus venous ASD; S-ASD, secundum ASD; CS-ASD, 
coronary sinus ASD; P-ASD, primum ASD; Ao, ascending aorta
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lines, large defects with prevalent systemic to pulmonary 
shunting and without cyanosis at rest are correctable when 
the indexed pulmonary vascular resistance (PVRi) is <4 
WU  m2, and ASDs with PVRi >8 WU/m2 should not be 
repaired. Repair of ASDs with PVRi between 4–8 WU m2 
may be considered individually, after carefully weighing the 
risks and benefits of the procedure, particular patient charac-
teristics, institutional expertise, and local postoperative care 
resources [4].

 Specific ASD

 Secundum ASD

S-ASD is the most common type accounting for about 75% 
of all ASDs and is more common in females than males [1]. 
As described in Chap. 19, the floor of the fossa ovalis (FO) is 
formed by the septum primum which developmentally, 
grows down from the roof of the common atrium to cover the 
enfolded muscular rim formed by the septum secundum. As 
it descends, the upper part of the septum primum breaks 
down to form the ostium secundum [5]. S-ASD is an inter-
atrial communication at this site, caused by an excessive 
resorption (through apoptosis) of the septum primum and 
therefore it is located within the borders of the FO. Its size 
varies from a few millimeters in diameter to more than 3 cm 

and its shape may be variable. With the largest S-ASD, the 
septum primum may be virtually absent. The diagnosis of a 
S-ASD and its hemodynamic consequences can be estab-
lished by 2D transthoracic echocardiography (TTE) and 
color Doppler in the majority of cases. Figure 20.2 shows 
two of the classic transthoracic and transesophageal 
approaches for the diagnosis of S-ASD.

Cardiac catheterization, CT and CMR may provide addi-
tional hemodynamic data and visualization of associated 
anomalies. However, 3D TEE is today necessary for detail-
ing the ASD anatomy and sizing. 3D TEE allows for accu-
rate visualization of the size and shape of the defect and its 
rims (see Chap. 27) on unique en face views either from 
right or from left side. Figure 20.3 shows four 3D TEE still 
frames of a S-ASD with different angulation from left side 
to right side.

Interestingly, its margins being surrounded by atrial 
muscular tissue confers on the S-ASD its own unique 
“dynamicity”. Indeed, while the other types of ASD main-
tain almost the same dimensions during the cardiac cycle, 
the size of S-ASD varies depending on the contraction and 
relaxation of the atrial musculature. Thus, at ventricular 
end-diastole following atrial contraction, the size of 
S-ASD reaches its minimal dimensions. In contrast, at 
ventricular end-systole, the S-ASD reaches its maximal 
dimensions due to atrial filling and the increase in atrial 
volume (Fig. 20.4).

a b

Fig. 20.2 (a) 2D TTE four chamber view color Doppler in correct ana-
tomical orientation. The image shows flow crossing the S-ASD (dotted 
arrow) from left atrium (LA) to right atrium (RA). Please note that flow 
from the right superior pulmonary vein (RSPV) runs directly through 

the defect. (b) 2D TEE cross section bi-caval view showing the flow 
(arrow) crossing the S-ASD from the LA into the RA. RV, right ventri-
cle, LV, left ventricle
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3D TEE color Doppler provides beautiful images of 
flow crossing the ASD, precisely delineating the margins 
of the defect (Fig. 20.5a, b). Moreover, color Doppler is 
invaluable for distinguishing between true defects and 

drop out artifacts (Figs. 20.5c, d and 20.6). In some cases, 
residual strands of the septum primum tissue may cross 
the S-ASD creating two or multiple defects (Figs. 20.5c, d 
and 20.6).

a b

c d

Fig. 20.3 3D TEE still images of a S-ASD shown in different angula-
tions from LA (panel a), to RA (panel d). Panels b and c show interme-
diate images obtained by rotating the volumetric data set from right to 

left around the y-axis (curved arrows). LA, left atrium; RA, right 
atrium; Ao, ascending aorta; RLPV, right lower pulmonary vein; RUPV, 
right upper pulmonary vein
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A new surface 3D rendering algorithm using a movable 
source of light creates shadowing that allows for delineating 
more clearly the margins of the defect. Figure 20.7a, b shows 

a S-ASD “illuminated” with this new rendering algorithm 
from the left and right atrial perspectives, while panels c and 

a b

c d

Fig. 20.4 3D images showing a secundum ASD from the right atrial 
perspective. The size of the defect varies significantly from atrial filling 
(panel a) to atrial contraction (Panel b). (c) Anatomic specimen 

(Courtesy of Dr. William D. Edwards –Mayo Clinic) and (d) similar 3D 
TEE image showing an ASD and malalignment of the septum primum 
(SP) and septum secundum (SS)
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d show the same S-ASD after percutaneous closure with an 
Amplatzer device.

Medium-sized S-ASDs (i.e. <30 mm of maximum diam-
eter) with sufficient rims (2–5 mm) are amenable to percuta-

neous closure, while S-ASDs which exceed the 
above-mentioned dimensions should undergo surgical repair. 
Technical Details for percutaneous closure of S-ASD are 
described in Chap. 27.

a b

c d

Fig. 20.5 3D TEE color Doppler showing (a) flow from the right 
upper pulmonary vein (RUPV) running through the S-ASD (curved 
arrow) from the left atrium (LA) to the right atrium (RA). (b) Flow 
crossing the ASD seen in “en face” view. The margins of the defect are 

well defined. (c) 3D TEE of the interatrial septum seen from a right 
atrial perspective. The image show three defects (asterisks). From this 
image it is difficult to establish the true ASD from drop-out artifacts 
(see text). (d) With color Doppler, the distinction is clear
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 Sinus Venous Atrial Septal Defect

SV-ASD, originally described in 1858 by Peacock [6], 
encompasses approximately 4–11% of atrial septal defects 
and is situated at the interface between the right atrium (RA) 
and the embryological sinus venosus. About 80–90% of 
these defects are located immediately below the orifice of the 
superior vena cava (SVC; Fig.  20.8), while the remaining 
10–20% are next to the orifice of the inferior vena cava 
(IVC). Both are very often associated with anomalous return 
of one or more pulmonary veins.

As described earlier, only the floor of the fossa ovalis (FO) 
is the true septum. Recognition of this particular anatomical 
architecture is important for making the distinction between 
septal and extra-septal communication. The anatomical con-
figuration of SV-ASD is that of an interatrial- extra- septal-
communication due to a deficiency outside the true septum. 
The orifice of the SVC (or IVC) overrides to various extents 
the enfolded muscular border of the FO. Typically, the right 
pulmonary veins open into the SVC near its junction with the 
right atrium producing an additional left-to-right shunt. 
However, this associated anomaly is not a “conditio-sine-
qua-non” for the diagnosis of SV-ASD because abnormal 
connections of pulmonary veins are present in most but not in 
all SV-ASDs. SV-ASD close to the IVC is rare and often is 
difficult to distinguish from a large S-ASD extending poste-
rior-inferior near the orifice of inferior vena cava. SV-ASD is 
typically associated with a large shunt that usually requires 
surgical or percutaneous closure [7].

Surgical correction is the standard of care and, until 
recently, was the only treatment option. The classic 
approaches are by median sternotomy or right anterolateral 
thoracotomy; however, other mini-invasive approaches are 
used as well in an effort to reduce morbidity. If the anoma-
lous pulmonary venous drainage is to the atrium and adja-
cent to the ASD then the repair is relatively simple and the 
same as for secundum ASDs. In the presence of anomalous 
venous drainage into the superior vena cava, the so-call 
“two-patch technique” is required with one patch to close the 
ASD and one patch to close the right atriotomy at the caval- 
atrial junction in such a fashion as to avoid SVC-right atrial 
stenosis [8]. The overall survival is similar to that of matched 
population, with a low rate of perioperative morbidity and 
mortality and need for redo surgery. Post-operative symp-
tomatic improvement occurs in the majority of patients. 
However, older age and class NYHA III or IV symptoms, are 
independent predictors of new-onset postoperative atrial 
fibrillation and late mortality.

More recently, a transcatheter repair technique consisting 
of a covered stent which replaces the deficient posterior wall 
of the SVC, closing the SV-ASD and redirecting the anoma-
lous pulmonary veins into the LA, has been proposed. 
Suitability for transcatheter SV-ASD closure must be 
assessed by a multimodality stepwise approach, including 
evaluation with 2-dimensional and 3D cross-sectional imag-
ing. Ex-vivo simulation of stent implantation with printed or 
virtual 3D models helps to avoid potential areas of residual 
shunt or obstruction to the pulmonary venous pathway 

a b

Fig. 20.6 3D TEE images without (a) and with (b) color Doppler showing a S-ASD divided by a string of septal tissue (asterisk) into two defects 
(arrows)
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a b

c d

Fig. 20.7 3D TEE with a new rendering algorithm which uses a mov-
able source of light showing an ASD from left (a) and right (b) atrial 
perspectives. This novel rendering modality allows highlighting of the 

ASD’s well-defined margins. (c and d) Same patient after percutaneous 
closure with Amplatzer device (AD) shown from a slightly different 
perspective
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behind the stent. Although in its infancy, percutaneous repair 
of SV-ASD may become, in suitable patients, an alternative 
to surgery [9, 10].

 Coronary Sinus ASD

CS-ASD is the rarest form of interatrial communication 
accounting for <1% overall. The communication occurs 
between the left atrium (LA) and the coronary sinus (CS) as 
a result of a single or multiple focal fenestrations or com-
plete absence of the left atrial wall and the adjoining wall of 
the CS channel [11]. The presence of a persistent left supe-
rior vena cava (LSVC) is almost constant in this form of 
atrial defect. The left-to-right shunt occurs because the oxy-
genated LA blood enters into the right atrium, through the 
incomplete roof of the CS. Associated anomalous pulmonary 
venous return has also been described. The clinical diagnosis 
is often difficult because of non-specific clinical features, 
and before the “echocardiographic era” the diagnosis was 
only possible during surgery or at autopsy. Angiographic 
study of the anomalous systemic venous connection was the 
procedure of choice for demonstration of the morphology as 
well as associated defects. Today the diagnosis relies on 

echocardiography or other imaging techniques. The presence 
of a dilated CS is an important clue for establishing the diag-
nosis. The communication between the LA and CS can be 
demonstrated by color Doppler, and injection of saline solu-
tion into a left arm peripheral vein will show microbubbles 
reaching the unroofed coronary sinus from the LSVC. More 
sophisticated imaging techniques such as 3D TEE or CMR, 
have facilitated the noninvasive diagnosis of UCS- 
ASD. Surgically patch closure can be accomplished through 
a left atriotomy. Very rarely the LSVC drains into the LA in 
absence of CS. Surgical closure is the only treatment option.

 Primum ASD

Primum ASD (P-ASD) is part of a group of malformations 
called atrioventricular septal defects (AVSD), previously 
known as atrio-ventricular canal defect or endocardial cush-
ion defect [12, 13]. The anatomic hallmark of AVSD is a 
common atrio- ventricular junction, upon which is inserted a 
single atrioventricular valve. The common junction being 
more or less oval in shape results in anterior displacement of 
the aortic outflow tract and ‘unwedged’ location of the aortic 
valve compared to the normal heart. The common atrioven-
tricular valve consists of five leaflets (Fig.  20.9). Two of 
them (superior and inferior bridging leaflets) override the 
crest of the interventricular septum. Of the remaining three, 
one is inserted in the left segment (left mural leaflet) and the 
other two on the right segment (right inferior and right supe-
rior leaflets) of the common junction. In the case of primum 
ASD (also called partial AVSD), the superior and inferior 
bridging leaflets are fused with the crest of the interventricu-
lar septum, separating the common valve into two half valves 
and creating “de facto” two orifices (Fig. 20.9). Of note, the 
tissue continuity between the left and right segments of the 
bridging leaflets is maintained. As a consequence, the left 
half-valve comprises three leaflets: the half superior and 
inferior bridging leaflets and the mural left leaflet, thus it is 
misleading to label the left half valve as mitral valve. It is 
equally misleading to call the line of apposition between the 
left half of the two bridging leaflets a mitral valve “cleft”. 
This line of apposition may close in systole effectively pre-
venting any regurgitation or may leave a gap with  consequent 
regurgitation. Similarly, the right half of the common valve 
has four leaflets: the two right segments of the bridging leaf-
lets and the superior-anterior and posterior right leaflets. 
Thus, it is inappropriate to label this half valve as tricuspid.

As mentioned above, in P-ASD the bridging leaflets are 
fused directly on the crest of the interventricular septum, 
leaving only an interatrial communication. In some cases, 
the bridging leaflets adhere to the crest of the interventricular 
septum through short chordae. In such cases there may be a 

Fig. 20.8 Right-lateral view of right atrium in heart specimen showing 
separation of the superior SV-ASD (asterisk) from the fossa ovale (FO) 
by a muscular rim. IVC, inferior vena cava; FO, fossa ovalis; RA, right 
atrium; RUPV, right upper pulmonary vein; SVC, superior vena cava
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hemodynamically insignificant interventricular communica-
tion through the small spaces between chordae. By contrast, 
the bridging leaflets in the complete type of AVSD, as will be 
described in more details below, are not fused together and 
not adherent to the ventricular septum, thereby allowing for 
both interatrial and interventricular communications. A vari-
ant of this situation is the intermediate type in which the 
bridging leaflets are fused together, still permitting interatrial 

and interventricular communications. A further type of 
AVSD is when the bridging leaflets are fused to the free edge 
of the atrial septum, leaving an interventricular communica-
tion, which is similar to an inlet VSD. Finally, in rare cases, 
there is a fibrous membrane at the site of the defect without 
any detectable communication. These cases are erroneously 
labelled as isolated mitral valve cleft although they have all 
the other features of AVSD.

Fig. 20.9 (a) 2D TEE image four chamber cross-section view showing 
a P-ASD (curved arrow). The asterisk points at a previous small ven-
tricular septal defect closed by valve tissue forming a small aneurysm 
(arrow). (b) Same image with color Doppler. (c) Primum ASD (P-ASD) 
seen “en face” from a left atrial perspective. The curved arrow outlines 
the elongated left ventricular outflow tract. (d) 3D Images from an atrial 

perspective showing the five leaflets: superior bridging (SB), inferior 
bridging (IB), left mural (LM) Right superior (RS) and right inferior 
(RI). In systole the coaptation line between leaflets is marked by a dot-
ted line. (e) and (f) are anatomical specimens displayed in similar per-
spectives as (c) and (d). Note the elongated outflow tract in (e) and the 
‘unwedged’ location of the aortic valve in (f)

a

c

b

d
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While in a normal heart the aorta is ‘wedged’ between the 
tricuspid and mitral orifices, in AVSD the aortic valve is dis-
placed anteriorly in an unwedged position. This arrangement 
produces an elongated and intrinsically narrow aortic out-
flow tract giving the characteristic “goose-neck” appearance 
of the left ventricle seen on angiography.

 Complete AVSD

Description of the patho-morphology of the complete AVSD, 
is beyond the scope of this chapter. Herein, for completeness, 
we include consideration of the extent that the superior 
bridging leaflet reaches into the right ventricular cavity 
which forms the basis for the revised Rastelli classification. 
In type A the superior (and anterior) bridging leaflet, shows 
minimal extension into the right ventricle and the medial 
papillary muscle (PM) is located in an almost normal posi-
tion. In type B the superior bridging leaflet extends to an 
intermediate position (half guarding the right ventricle, half 
the left ventricle) and its right component is supported by an 
anomalous papillary muscle arising from the trabecula sep-
tomarginalis. Finally, in type C, the superior bridging leaflet 
extends more into the right than in the left cavity and its right 
component is supported by an anterior right PM arising from 
the right ventricular wall. In these cases, the bridging leaflet 
is often free floating. The variable morphology of the inferior 
bridging leaflet is not described based on the extent of leaflet 

tissue impingement upon the right ventricle. Indeed, from a 
surgical point of view, it is essential whether or not an inter-
ventricular communication is present underneath the leaflet. 
In all three modified Rastelli types, the posterior bridging 
leaflets is almost always attached to the crest of the interven-
tricular septum either directly or by a short membrane or by 
chordae. Thus, usually the amount of shunt across the two 
ventricles mainly depends on the arrangement of the superior 
bridging leaflet.

Other features of AVSD should be addressed. For instance, 
the atrioventricular leaflets may appear dysplastic leading to 
valve regurgitation or stenosis. When more than 75% of the 
common valve is committed to one ventricle, the atrio- 
ventricular connection becomes by definition a double-inlet 
ventricle with a common valve. There may be a marked dis-
proportion between the ventricles depending on whether or 
not the common AV valve may be dominantly committed to 
one or to another ventricle. In extreme cases one ventricle is 
too small to support the circulation and the anomaly shifts 
into the spectrum of hypoplastic left heart syndrome.

Although other non-invasive techniques may be useful to 
establish the diagnosis, it is indisputable that echocardiogra-
phy is the first line imaging technique. The echocardiographic 
examination should establish: (a) the diagnosis of AVSD and 
the level of shunting (interatrial, interventricular or both); (b) 
the adequacy of ventricular sizes; (c) the regurgitation (or ste-
nosis) of the common valve; (d) the function of both ventri-
cles; (e) the presence of sub-aortic obstruction.

e f

Fig. 20.9 (continued)
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While 2D TTE and TEE are able to illustrate almost all 
the anomalies of AVSD, 3D TTE/TEE has the unique ability 
to show “en face” the defects that depict almost all the patho-
morphological aspects of AVSD.
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CT and MRI Correlations of Atria 
and Atrial Septum

Prajwal Reddy, Korosh Sharain, Thomas A. Foley, 
and Nandan S. Anavekar

Patent foramen ovale (PFO) is the most commonly encoun-
tered atrial septal abnormality which is present in approxi-
mately 25% of adults [1, 2]. This finding is typically 
asymptomatic, but increases the risk of a paradoxical embo-
lism in patients with large defects and those with atrial septal 
aneurysm. 2D transthoracic (TTE) and transesophageal 
echocardiography (TEE) are normally sufficient to detect 
these abnormalities. Given their asymptomatic nature, they 
are often incidentally noted and can be suspected on ECG- 
gated CT completed for other diagnoses such as coronary 
artery disease. A jet of contrast from the left to right atrium 
can suggest this abnormality (Figs. 21.1 and 21.2) [3].

Secundum and primum atrial septal defects (ASD) are 
typically well assessed with TTE and TEE. Sinus venosus 
ASD along with the associated partial anomalous venous 
connections (PAPVR) can be more challenging to identify. 
CT and MRI offer the added advantage of a comprehensive 
assessment of abnormal pulmonary venous drainage 

(Fig.  21.3). In addition, right ventricular size can be more 
accurately determined as this is often the indication for clo-
sure. Moreover, recent MRI studies have gone further to 
assess shunt fraction (Qp/Qs) with 4D flow MRI techniques 
[4, 5]. In recent years, as more percutaneous devices for clo-
sure of these defects became available computed tomogra-
phy was found to be particularly useful in identifying post 
procedural complications such as access site issues or dam-
age to surrounding structures following these interventions.

It is difficult to establish a tissue diagnosis for masses 
seen on TTE or TEE even with ultrasound enhancing agents. 
Pathologic diagnosis remains the gold standard; however 
MRI with tissue characterization can narrow the differential 
diagnosis. Versatility of imaging planes, assessment of car-
diac and extra cardiac structures, analysis of tissue character-
istics with T1 and T2 weighted images, and contrast 
enhancement improve the diagnostic power in assessment of 
atrial masses (Figs. 21.4 and 21.5) [6, 7].
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Fig. 21.2 A middle-aged 
male was found to have a 
secundum ASD on 
transthoracic 
echocardiography. He 
underwent cardiac CT for 
further evaluation of the 
defect along with preoperative 
coronary evaluation. The 
patient had a 3 cm secundum 
ASD (arrows). He had no 
coronary artery disease. He 
underwent surgical patch 
closure. Used with permission 
of Mayo Foundation for 
Medical Education and 
Research. All rights reserved. 
LA, left atrium

Fig. 21.1 An intermediate 
risk female with atypical 
chest pain underwent cardiac 
CTA to evaluate her coronary 
arteries. On cine imaging 
contrast is seen squirting from 
the left atrium to the right 
atrium consistent with a 
patent foramen ovale (yellow 
arrow). She did not have any 
coronary artery disease. The 
cause for her chest pain was 
not forthcoming on the 
examination. Used with 
permission of Mayo 
Foundation for Medical 
Education and Research. All 
rights reserved. LA, left 
atrium
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Fig. 21.3 A middle-aged 
female underwent 
transthoracic 
echocardiography after 
accessory pathway ablation. 
Her right ventricle appeared 
larger in size compared to an 
echocardiogram from 2 years 
prior. Saline bubble study was 
positive for right to left shunt 
with near- simultaneous 
opacification of both atria 
suggestive of sinus venosus 
atrial septal defect. Computed 
tomography was performed to 
evaluate the level of the shunt 
and evaluate for partial 
anomalous pulmonary venous 
return (PAPVR). The CT 
identified a sinus venosus ASD 
(yellow arrow) with PAPVR of 
the right upper pulmonary vein 
(red arrow). Given the 
enlarging right ventricle, the 
patient underwent ASD patch 
closure and baffling of the 
PAPVR into the left atrium. 
Used with permission of Mayo 
Foundation for Medical 
Education and Research. All 
rights reserved

a b

Fig. 21.4 An elderly female with night sweats and weight loss was 
found to have a large left atrial mass on transthoracic echocardiography. 
Cardiac MRI was obtained for further tissue characterization. Steady 
state free precession imaging identified the large left atrial mass (a; yel-
low asterisk). The mass arose from the interatrial septum, and was 
hypointense on T1-weighted images, hyperintense on T2-weighted 

imaging, and had heterogeneous gadolinium enhancement. These find-
ings were consistent with myxoma which was confirmed on pathology 
(b; gross surgical specimen). Used with permission of Mayo Foundation 
for Medical Education and Research. All rights reserved. LA, left 
atrium; ASD, atrial septal defect
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a b

Fig. 21.5 A middle-aged female with metastatic malignant melanoma 
underwent cardiac MRI after PET scan demonstrated indeterminate 
FDG uptake in the right atrium. MRI demonstrated a 10 mm T2 hyper-
intense mass at the junction of superior right atrium just distal to the 
superior vena cava (a; yellow arrow) with mild central gadolinium 

enhancement within the mass (b; red arrow) suggestive of malignant 
etiology and most suspicious for metastatic melanoma given the 
patient’s history. Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved. L, left; R, right
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How to Acquire and Calculate 3D LV 
and RV Volumes and Ejection Fraction 
(Three Vendors)

Hyun Suk Yang and Krishnaswamy Chandrasekaran

 Introduction

Left and right ventricular chamber quantification is essential 
in clinical practice. The current techniques have limitations 
in meeting this need and 3-dimensional echocardiography 
(3DE) is increasingly utilized for this purpose [1, 2]. For 
assessment of left ventricular (LV) and right ventricular (RV) 
morphology and function, three acquisition modes can be 
chosen: (1) simultaneous multiple two-dimensional (2D) 
planes, (2) live or single-beat 3D full-volume (large volume), 
and (3) multi-beat ECG-gated 3D acquisition.

Although Live or real time 3D (that is, single-beat) imag-
ing grants freedom from stitch artifacts and expands the 
applications beyond regular rhythm, chamber quantification 
involves acquisition of a large 3D volumetric data set which 
often leads to insufficient volumes per second (VPS) when 
acquired Live. Hence the usual need for multi-beat (typically 
6) ECG-gated 3D Full Volume (Philips Healthcare) or Large 
(GE Healthcare) acquisition. Subsequent 3D analysis offers 
better visualization and quantification of chamber volumes 
and function without speculative geometric assumptions. 
Furthermore, the advances in 3D myocardial deformation 
analysis allow more accurate and reproducible results than 
conventional 2D strain analysis [3]. The EAE/ASE recom-
mendations [4] are helpful for beginners in 3D echocardiog-

raphy; this section will discuss a few more recent 
developments and practical tips for 3D echo to assess LV and 
RV volume and function.

 Left Ventricle

Three commercially available echocardiographic platforms 
(EPIQ CVx, Vivid E95, and Acuson SC2000) are summa-
rized in Table  22.1. Traditionally one must change probes 
from 2D to 3D, but many newer systems with newer probes 
(e.g., the GE 4Vc and Philips X5–1 TTE probes, and all TEE 
probes) dispose of this requirement. Although both transtho-
racic and transesophageal approaches are feasible for LV 
imaging, clinically one of the major functions of TTE is LV 
function assessment, and so this chapter will focus on 3D 
TTE for LV volumetric or functional analysis. After proper 
image acquisition, 3D volume data can be stored digitally for 
on-cart or offline analysis using vendor-specific software 
(QLAB; EchoPAC; SC2000 workplace) or TomTec worksta-
tion (TomTec 4D-LV function, Munich, Germany). The ven-
dor-specific analysis features are summarized in Table 22.2.

 Image Acquisition

For 3D LV imaging, three different modes can be applied 
using a vendor-specific transducer (Table  22.1). Switching 
the probe from 2D to 3D is necessary for GE or Siemens 3D 
TTE; continuous 3D imaging following 2D without chang-
ing transducers works with all 3D transesophageal probes 
and the Philips 3D TTE probe. Optimization of 2D images, 
focusing on the desired target anatomy (adjusting depth, sec-
tor angle; gain, compression, and time-gain compensation) 
with an ECG signal is crucial for optimal 3D image 
acquisition.

H. S. Yang 
Professor, Research institute of Medical Science, Konkuk 
University School of Medicine, Department of Cardiovascular 
Medicine, Konkuk University Medical Center, Neungdong-ro, 
Gwangjin-gu, Seoul, Korea 
e-mail: yang.hyun@kuh.ac.kr 

K. Chandrasekaran (*) 
Professor of Medicine, Mayo Clinic College of Medicine; 
Consultant, Department of Cardiovascular Medicine, Mayo Clinic, 
Rochester, MN, USA
e-mail: kchandra@mayo.edu

Supplementary Information The online version of this chapter 
(https://doi.org/10.1007/978- 3- 030- 72941- 7_22) contains supplemen-
tary material, which is available to authorized users.

22

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-72941-7_22&domain=pdf
https://doi.org/10.1007/978-3-030-72941-7_22#DOI
mailto:yang.hyun@kuh.ac.kr
mailto:kchandra@mayo.edu
https://doi.org/10.1007/978-3-030-72941-7_22#DOI


258

Table 22.1 3D LV volume acquisition

PHILIPS GE SIEMENS
Model EPIQ CVx 

(Philips 
healthcare, 
Andover, MA)

Vivid E95 (GE 
Healthcare, 
Wauwatosa, WI)

ACUSON 
SC2000 
(Siemens 
Healthcare 
Mountain view, 
CA)

3D TTE 
probe

X5-1 
(combined 
2D/3D)

4Vc (combined 
2D/3D)

4Z1c

3D TEE 
probe

X8-2T 6VT-D Z6Ms

Acquisition
Bi- or 
tri-plane

xPlane 
(biplane), 
iRotate

Multi-D 
(bi-,triplane)

Bi-plane+ 
(TEE)

Single- 
beat 3D 
full 
volume

[HM ACQ] 
single-beat on 
A4C (includes 
LA)

[4D default] 
single-beat

[4D default] 
single-beat; 3–5 
cardiac cycles

Sector, 
L × E

Up to 
100° × 100°

Medium: 
35° × 35°large: 
60° × 60°; up to 
90° × 90°

Up to 90° × 90°

VPS 22 (80° × 80°, 
15 cm)
25 (70° × 70°, 
15 cm)

12–24 (80° × 80°, 
12 cm)
15–30 (70° × 70°, 
12 cm)

T2: 51 
(90° × 90°, 
12 cm)
T1: 35 
(80° × 80°, 
12 cm)
T1: 51 
(70° × 70°, 
12 cm)

ECG 
gated 3D 
full 
volume

4 or 6 beats 2, 3, 4, or 6 beats No

Sector, 
L × E

Up to 
100° × 95°

Up to 90° × 90°

VPS (4 
beats)

46 (80° × 80°, 
12 cm)
68 (70° × 70°, 
12 cm)

23 (80° × 80°, 
12 cm)
31 (70° × 70°, 
12 cm)

VPS (6 
beats)

56 (80° × 80°, 
12 cm)
100 (70° × 70°, 
12 cm)

34 (80° × 80°, 
12 cm)
52 (70° × 70°, 
12 cm)

The VPS expressed as number (sector L × E, depth). T1 and T2, grades 
of temporal resolution (T1  <  T2). Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved
Abbreviations: 3D three-dimensional, TTE transthoracic echocardiog-
raphy, TEE transesophageal echocardiography, L × E Lateral plane sec-
tor angle × Elevation plane sector angle, VPS volume per second, ECG 
electrocardiography, 2D two-dimensional, LA left atrium

Table 22.2 3D LV volume analysis

Analysis PHILIPS GE SIEMENS
Workstation QLAB EchoPAC SC2000 

workplace
3D cropping iCrop, quick Vue 2 click-crop, 

4D views
D’ art

Extract 2D slices iSlice, MultiSlice FlexiSlice, 
MultiSlice

3 × 3 screen

LV volume 
software

HeartModelA.I. 4D auto LVQ eSie LVA

LV EDV, ESV, 
EF

HMQ: Single-beat 
3D (A4C); fully 
automated; global 
or regional editing 
(ED, ES); LA 
volume (ES); 
analysis of up to 5 
cardiac cycles

3D full- 
volume (VPS 
>12); align 
views; auto 
initial or 
two-click 
points of apex 
and mid-base 
(ED, ES) to 
define 
endocardial 
border; 
regional 
editing; 
volume 
waveform; 
followed by 
LV mass and 
strain

Single-beat 3D 
(VPS >20); 
one-click fully 
automated; 
consecutive 
beat-to-beat 
LV volume, 
and EF (3 
cardiac cycles)3DQ: Template 

mitral annulus and 
LV apex (ED, ES) 
from biplane MOD 
volume; manual 
editing

LV EDV, ESV, 
EF, timing, 
dyssynchrony 
index

3DQ-adv: 
Single-beat or 
gated 3D; manual 
MPR axis align; 
five reference 
points of the mitral 
septal, lateral, 
anterior, inferior 
annulus, apex (ED, 
ES) from the 
biplane volume; 
manual editing; 
sequence analysis

LV mass HMQ: Check 
“compute LV 
mass”; ED mass
3DQ: Go to 
preference to 
check display LV 
mass; endocardial 
and epicardial 
border ROI from 
the biplane volume

LV mass: 
Editing 
epicardial 
border at ED

No

3D/4D strain No 4D strain 
ROI: Editing 
epicardial 
border at ES 
(VPS >25)

No

Characteristics –  TrueVue, light 
source

–  HMQ: Fully 
automatic LV as 
well as LA 
volume

–  True 
confocal 
imaging

–  HDlive 
imaging

– Laser lines

–  Sequential 3 
beats EF

–  3D color 
analysis

–  eSie flow

Used with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved
Abbreviations: 3D three-dimensional, 2D two-dimensional, LV left 
ventricular, EDV end-diastolic volume, ESV end-systolic volume, EF 
ejection fraction, 4D four-dimensional, A4C apical 4-chamber view, LA 
left atrium, ED end-diastole, ES end-systole, MOD the Simpson rule 
method of discs, MPR multi-planar reconstruction, VPS volume per 
second, ROI region of interest

 Bi- or Triplane Mode
The key to biplane or triplane imaging using a 3D probe is 
making optimal cut-off planes in the same cardiac cycle, 
thereby shortening imaging time [5] and overcoming rhythm 
disturbances. Biplane with various angles of approach are 
feasible on the EPIQ CVx (x-Plane or iRotate); triplane 
images are available with the Vivid E95 (Fig. 22.1).
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 Live 3D or Single-Beat 3D Full-Volume Mode
First, from the LV focused apical four chamber orientation, 
imaging depth and sector angle should be optimized. 
Fundamentally, the minimum depth and sector angle neces-
sary to encompass the LV cavity will achieve the highest 

possible volumes per second (VPS). It is important to make 
sure the sector angle is sufficient to enclose the whole LV 
chamber, along with the biplane (Philips, GE) or triplane 
(Siemens) guided previsioned 3D before the volume acquisi-
tion (Fig. 22.2). Care must be taken to avoid common drop- 

a b

Fig. 22.1 Simultaneous biplane (a) and triplane (b) imaging using 3D transthoracic echo probe. Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved

Fig. 22.2 Biplane-guided 3D Full-Volume acquisition (Left bottom, lateral plane; Right bottom, elevation plane). Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved

22 How to Acquire and Calculate 3D LV and RV Volumes and Ejection Fraction (Three Vendors)
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out artifacts in the LV apex or lateral wall (Fig.  22.3). A 
breath-hold is not required for live 3D acquisition. Second, 
vendor-specific features should be considered. With the 
EPIQ CVx (Philips Healthcare), the depth should be adjusted 
also to include the left atrium from the standard apical four- 
chamber window, and acquiring five consecutive cardiac 
cycles with a breath-hold is required for beat-to-beat analy-
sis; using the Vivid E95 (GE Healthcare), LV strain measure-
ment feature requires at least 25 VPS, sometimes requiring a 
frame-rate-knob adjustment. The depth adjustment is not 
necessary with Vivid 95 (GE Healthcare). With the Acuson 
SC2000 (Siemens), obtain live 3D full-volume images for at 
least three consecutive cardiac cycles from the apical four 
chamber orientation for subsequent beat-to-beat ejection 
fraction (EF) analysis. With Vivid 95, it is important to check 
in multislice whether the LV fits into the chosen 4D sector 
size. Third, in patients with atrial fibrillation, due to the 
greater cardiac motion complexity, acquiring at least five 
consecutive cardiac beats with a breath-hold is recom-
mended, either for trimming a proper single cardiac cycle 
(Philips, or GE) or averaging three cardiac cycles (Siemens).

 Multi-Beat ECG-Gated 3D Large(GE) or Full- 
Volume(Philips) Mode
The acquisition should be performed during a breath-hold 
and requires a relatively stable R–R interval to minimize 
translation artifacts (Fig.  22.4) between the acquired sub- 
volumes. This multi-beat (2–6 beats) acquisition is required 
especially in patients with dilated cardiomyopathy if a wide- 
angle, single-beat, Large or Full-Volume scan cannot achieve 
sufficient VPS, or even in regional scans to get higher tempo-
ral resolution. Among the vendors, the Acuson SC2000 has 
the highest VPS to accommodate the LV in a single-beat, up 
to 51 (90° × 90°, at 12 cm depth), not necessarily requiring 
ECG-gated multi-beat acquisition.

 Data Analysis

 Visualization of Segmental LV Wall Motion
From the LV volume, nine parallel, simultaneous, uniformly 
spaced 2D slices can be extracted horizontally (iSlice and 
MultiSlice, Philips) or arbitrarily orientated (MultiSlice, GE) 

Fig. 22.3 Dropout artifacts in some part of the left ventricular apex (arrows). Used with permission of Mayo Foundation for Medical Education 
and Research. All rights reserved
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(Fig. 22.5). This facilitates detailed visual evaluation of LV 
regional wall motion abnormalities.

 LV Volume, Ejection Fraction (EF), 
and Dyssynchrony
LV volume and function quantification is the main purpose 
of 3D transthoracic echocardiography [1, 2]. Freeing medi-
cal analysis from visual foreshortening or sometimes- 
inaccurate geometric assumptions, 3D is more accurate and 
reliable than 2D and well-validated with cardiac magnetic 
resonance (CMR). Despite its superiority over 2D in visual 
presentation, its time-consuming quantification workflow 
has hampered its use in clinical practice. Fortunately, recent 
developments of fully automatic quantification algorithms 
and “artificial intelligence” for ultrasound make 3D quantifi-
cation easy, fast, and reproducible. The vendor-specific soft-
ware features are summarized in Table 22.2.

Philips’ new artificial intelligence model-based algorithm 
output (HeartModel, Philips Ultrasound) is shown in 
Fig. 22.6. From a single-beat 3D Full-Volume scan, just click 
one-button (HM ACQ) to produce preliminary output of LV 

volumes {both end-diastole (ED) and end-systole (ES), 
stroke volume (SV), EF, and left atrial volume [6, 7]}. If the 
initial contours are not satisfactory, global or regional editing 
is available for the 12 LV planes (apical or short axis; ED or 
ES). Beat-to-beat volume and EF quantification are also 
available, incorporating a maximum of five beats. For 
regional timing or synchronicity, 3DQ Adv (Philips 
Healthcare) software is helpful with a higher frame rate Full- 
Volume scan (such as multi-beat ECG-gated 3D Full-Volume 
image), as follows: (1) Find the ED frame and manually 
align the multi-planar reconstruction (MPR) axis, (2) Enter 
five ED reference points (septal, lateral, anterior, inferior and 
apex) and edit borders if necessary, (3) Find the ES frame, 
(4) Enter five ES reference points, and finally (5) Click 
Sequence Analysis (Fig. 22.7).

GE Healthcare’s automatic LV analysis software (4D 
Auto LVQ) produces results presented in Fig. 22.8. Using a 
3D Large volume scan (VPS > 12), the software sequentially 
offers output ranging from 3D LV volume and mass compu-
tation to the 3D strain [3, 8]. It begins with volumetric analy-
sis: (1) Manually align views, (2) Select the endocardial 

Fig. 22.4 Stich artifacts (arrows) on a multibeat ECG-gated 3D acquisition (GE Healthcare). Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved
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border at ED, either auto-initialize or click two reference 
points (apex and mid-base) and follow with regional editing 
if necessary, (3) In the same way, select the endocardial bor-
der at ES, and (4) Click volume waveform.

Siemens Healthcare’s fully automatic LV volumetric 
analysis of eSie LVA is presented in Fig.  22.9. Select the 
sequential single-beat 3D large volume option and one-click 
automatically computes beat-to-beat EF, SV, and LV vol-
umes, either as three individual cycles or a single average of 
the three cycles [9]. A reliable systolic dyssynchrony index 
of 16 or 17 segments is generally available because of the 
Acuson SC2000’s high VPS. Especially the sequential beat- 
to- beat EF or average 3D volume quantification has advan-
tages in patients with an irregular rhythm.

Fundamentally, the superiority of various inter- or even 
intra-vendor differences, such as fully automatic algorithms 
versus semiautomatic border tracking and manual editing, is 
debatable. A head-to-head comparison of the different 3D 
platforms (3DQ ADV on QLAB 9.0 for iE33 data; 4D Auto 
LVQ on EchoPAC; BT12 for Vivid E9 data; eSie LVA on 
SC2000 workplace for Acuson SC2000 data sets) in measur-
ing LV volume [10], concluded that the three systems’ results 

are comparable, but the fully automatic features provide 
smaller and less accurate LV volumes than do the manually 
edited measurements, so that manual editing is the preferred 
option for patients with dilated or distorted geometry.

 LV Mass
In principle, LV mass calculation is feasible in any 
3D-volume-capable software based on subtracting the LV 
endocardial volume from the LV epicardial volume multi-
plied by the specific density of myocardial tissue (1.05  g/
cm3) [11]. A convenient LV mass measuring option is avail-
able via tracing the endocardial and epicardial borders dur-
ing the 3D volumetric analysis. For example, in HeartModel 
(Philips Healthcare), clicking a check box to compute the LV 
mass leads to automatic endocardial and also epicardial bor-
der tracing, and in 3DQ (Philips Healthcare), check the box 
‘display LV mass’ in preferences before sequential volumet-
ric analysis (which gives endo/epicardial border region of 
interest), and the semi-automatic border tracing outputs the 
mass as well as the volume of the LV (Fig. 22.10). In 4D 
Auto LVQ (GE Healthcare), after LV endocardial volume 
quantification, just click LV mass to draw automatically the 

Fig. 22.5 Simultaneous multi-slice (3 × 3 planes) visualization of LV from a Large 3D (GE Healthcare) volume dataset. Used with permission of 
Mayo Foundation for Medical Education and Research. All rights reserved
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Fig. 22.6 Examples of 3D Heart Model quantification (Philips 
Healthcare). Top panel: A fully automatic LV endocardial contour trac-
ing on the 2D cuts derived from the 3D data sets are shown. Final out-
come displays the left ventricular as well as the left atrial volume. 

Bottom panel: Same as in top panel from another patient, but also 
showing LV mass quantification. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved
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epicardial contours in ED, manually edit if necessary, and 
then the LV mass is computed as in Fig. 22.10.

 LV Strain
LV mechanics are by nature complex 3D phenomena. 
Conventional 2D strain measurement is limited to tracking 
the out-of-plane motion of speckles, and the final 2D global 
longitudinal strain will not reliably represent simultaneous 
segmental peaks. Recent developments of ultrasound tech-
nology have allowed the simultaneous 3D longitudinal, cir-
cumferential, radial, and area strain measurements, which 
were well-validated by sonomicrometry [12, 13]. The Vivid 
E95 (GE Healthcare) is so far, the only commercially avail-
able 3D myocardial deformation measurement platform. 
Simply follow the extension to the 4D LV Mass tool to cal-
culate both global and regional strain values based upon a 
spatial speckle-tracking algorithm in the 4D Auto LVQ soft-
ware. The information is presented in a strain bullseye plot 
accompanied by time-strain curves (Fig. 22.11). The Acuson 
SC2000 is also reported to have an upcoming version of its 
eSie Mechanics software to analyze 3D strain [14].

 Normal References

Normal reference ranges of 3D echocardiographic LV 
parameters are presented in Table 22.3 [15–21]. The 3D vol-
umes or mass are normalized for body surface area. Ideally, 
the echocardiographic parameters obtained from different 
echo techniques (e.g. EF in 2D and 3D) should be the same, 
but so far echo reports tend to show the individual results 
separately (e.g. 2D EF or 3D EF), making comparison incon-
venient. One must be careful not to simply adopt a 3D nor-
mal range from a 2D analysis, or vice versa, though 
theoretically the 3D EF should be preferable to other EF 
measures. Further studies are warranted to find cut-off points 
and their clinical strength, especially for 3D-specific param-
eters such as global area strain or for newly developed quan-
tification software [22].

 Right Ventricle

The complex geometry of the RV presents a major challenge 
for 2D interpretation and a larger benefit from 3D echocar-
diography. The guidelines for the echocardiographic assess-
ment of the adult RV from the American Society of 
Echocardiography [23] describe the echocardiographic 
parameters for assessing RV size and function. 2D-derived 
estimates of the RV EF are not recommended because of the 
heterogeneity of methods and the numerous geometric 
assumptions. 3D echocardiographic measurements using the 
disc method may be used to report the RV EF in selected 
patients with RV dilatation, using a lower reference limit of 
44% [23]. The 3D RV volume measurements have been vali-
dated in animal models [24]. Compared with CMR, RV vol-
umes by 3D echo are lower, but the RV EF difference is 
insignificant [25]. Next we describe how to assess the 3D RV 
volume and EF using commercially available software.

 Triplane Imaging and Analysis

Simultaneous RV cavity imaging using triplane acquisition 
(Fig. 22.12a) is helpful to assess the RV volume and EF. For 
manual tracing of the triplane RV end-diastolic and end- 
systolic volumes on the Vivid E95, select Measure, then 
Volume, and then Tri Plane.

 RV 3D Imaging

For RV volume imaging, we recommend the RV focused api-
cal 4-chamber view or RV modified apical 4-chamber orien-
tation [17, 26]. The image acquisition proceeds as with 3D 
LV imaging by either the single-beat live 3D Large (GE) or 
Full Volume (Philips) or the ECG gated multi-beat 3D mode. 
Make sure to include the entire RV cavity with a frame rate 
over 12 VPS.
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Fig. 22.7 An example of a regional volume and dyssynchrony analysis 
by QLAB 3DQadv (Philips Healthcare).Top panel: End-diastolic and 
end-systolic LV volumes and ejection fraction. Second panel: Regional 
volume-time data denotes the time to reach minimum systolic volume 
(MSV). “Tmsv 16SD” means standard deviation of time difference to 

reach MSV of the 16 segments, either %RR or millisecond calculation. 
Third panel: Parametric imaging showing two bullseye plots of 
regional timing and excursion. Bottom panel: Regional volume-time 
curves of 16 LV segments. Used with permission of Mayo Foundation 
for Medical Education and Research. All rights reserved
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Fig. 22.8 An example of the 4D Auto LVQ software outcome (GE 
Healthcare). A semi-automatic LV endocardial contouring results in 
end-diastolic volume (EDV), end-systolic volume (ESV), ejection frac-

tion (EF), stroke volume (SV), cardiac output (CO), and spherical index 
(SpI). Used with permission of Mayo Foundation for Medical Education 
and Research. All rights reserved

 RV 3D Analysis

From a RV 3D acquisition, post-processing simultaneous 
visualization of 2D RV walls using the multi-slice option is 
helpful to analyze RV regional wall motion (Fig.  22.12b). 
For RV volumetric analysis on the Vivid E95 (GE Healthcare), 
the RV-specific software of ‘4D Auto RVQ’ can be used. In 
sequence, select (1) Measure, (2) Volume, (3) 4D auto RVQ, 
(4) Align the views and set landmarks (tricuspid annulus free 
wall, septal, RV apex; LV/RV posterior, LV/RV anterior, RV 
free wall) with a reference image, (5) Manually adjust the 

initial results if necessary, (6) Select results. This semi- 
automatic surface-detecting algorithm displays the RV vol-
ume, EF, tricuspid annular plane systolic excursion, and 
fractional area change (Fig.  22.13). With the ACUSON 
SC2000 (Siemens), eSie RVA has a one-click fully auto-
mated algorithm resulting in the RV volume and EF 
(Fig. 22.14). Normal values of 3D RV volume and function 
are in Table 22.4 [17, 23, 27, 28]. With Philips EPIQ CVx 
platform Dynamic Heart Model, the 3D Auto RV application 
identifies the borders of and aligns the views of the right ven-
tricle, enabling quantification.

H. S. Yang and K. Chandrasekaran



267

Fig. 22.9 An example of 3D eSie LVA quantification (Siemens). A 
fully automatic LV endocardial contouring analysis of sequential three 
cardiac cycles shows beat-to-beat ejection fractions and a single aver-
age of the three cycles. Used with permission of Mayo Foundation for 

Medical Education and Research. All rights reserved. EF, ejection frac-
tion; EDV, end-diastolic volume; ESV, end-systolic volume; SV, stroke 
volume; SDI, systolic dyssynchrony index

Fig. 22.10 Measurement of the left ventricular mass on the basis of semi-automated identification of endocardial and epicardial contour from a 
3D dataset. Used with permission of Mayo Foundation for Medical Education and Research. All rights reserved

22 How to Acquire and Calculate 3D LV and RV Volumes and Ejection Fraction (Three Vendors)



268

Fig. 22.11 An example of 3D speckle-tracking strain analysis in a 
healthy subject (GE Healthcare). Both endocardial and epicardial 
meshes from a 3D Large volume are displayed (left and middle) with 
17-segment bullseye maps of longitudinal (right top) and area strain 

(right bottom). An arrow indicates the global peak longitudinal strain 
(GPSL). Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved

Table 22.3 Normal values of 3D echocardiographic LV volumes, mass, and function

NORRE study 
[15] Mizukoshi et al. [16]

ASE, 
EACVI 
[17]

Muraru et al. 
[18] Chahal et al. [19]

Fukuda et al. 
[20]

Aune et al. 
[21]

Publication year 2016 2016 2015 2014 2012 2012 2010
Number 440 230 160 . 265 499 479 410 166
Nationality European Japanese American . European European Indian Japanese Scandinavian
LV EDVi 
(mL/m2)

M 69 (41, 97) 64 (45, 83) 66 (41, 90) <80 63 (41, 85) 49 (31, 67) 41 (23, 59) 50 (26, 74) 66 (46, 86)
W 60 (39, 82) 58 (40, 76) 57 (38, 75) <72 57 (39, 75) 42 (26, 58) 39 (23, 55) 46 (28, 64) 58 (42, 74)

LV ESVi 
(mL/m2)

M 28 (15, 42) 24 (15, 34) 26 (15, 36) <33 24 (14, 34) 19 (9, 29) 16 (6, 26) 19 (9, 29) 29 (17, 41)
W 24 (13, 35) 20 (12, 29) 21 (12, 30) <29 20 (12, 28) 16 (8, 24) 15 (7, 23) 17 (9, 25) 23 (13, 33)

LV EF (%) M 58 (50, 67) 62 (56, 69) 61 (53, 69) 52–72* 62 (54, 70) 61 (49, 73) 62 (52, 72) 61 (53, 69) 57 (49, 65)
W 60 (51, 69) 65 (57, 73) 64 (56, 71) 54–74* 65 (57, 73) 62 (52, 72) 62 (52, 72) 63 (55, 71) 61 (49, 73)

LV mass (g/
m2)

M . . . 50–102* 77 (57, 97) . . 64 (40, 88) .
W . . . 44–88* 73 (57, 89) . . 56 (34, 78) .

LV GLS (%) M −20 (−26, −15) . . ≤−20* <−15 . . . .
W −21 (−26, −17) . . <−15 . . . .

Values are presented as mean (LLN, ULN). LLN, Lower limit of normality, ULN, Upper limit of normality, LLN and ULN are defined as 
mean ± 2SD. *based on 2D echocardiography. Used with permission of Mayo Foundation for Medical Education and Research. All rights reserved
Abbreviations: LV left ventricular, EDVi end-diastolic volume index, ESVi end-systolic volume index, EF ejection fraction, GLS Global longitudi-
nal strain, M men, W women, NORRE Normal Reference Ranges for Echocardiography, ASE American Society of Echocardiography, EACVI 
European Association of Cardiovascular Imaging
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a b

Fig. 22.12 (a) Simultaneous triplane imaging by a 3D transthoracic 
echo probe, (b) Post-processing multi-slice 2D planes visualization 
from a single 3D right ventricular (RV) Large volume acquisition Used 

with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved

a b

c d

Fig. 22.13 Right ventricular (RV) 3D imaging and analysis using the 
4D Auto RVQ software (GE Healthcare). (a) RV focused apical 
4-chamber view oriented, biplane-guided 3D RV dataset acquisition. 
(b) Align views following the reference images in the right upper corner 
of each 2D cut. (c) Setting the six landmarks and manually editing from 
the automatic initial endocardial tracing. (d) Final results show a global 

volume-time curve and RV parameters: EDV, end-diastolic volume; 
ESV, end-systolic volume; EF, ejection fraction; SV, stroke volume; 
TAPSE, tricuspid annular plane systolic excursion; FAC, fractional area 
change. Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved
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Fig. 22.14 Right ventricular 3D volumetric analysis using the eSie 
RVA software (Siemens). ESV, end-systolic volume; EDV, end-dia-
stolic volume; SV, stroke volume; EF, ejection fraction; TV, tricuspid 

valve; PV, pulmonary valve. Used with permission of Mayo Foundation 
for Medical Education and Research. All rights reserved

Table 22.4 Normal values of 3D echocardiographic RV volumes and function

ASE, EACVI [17] ASE [23] Gopal et al. [27] Maffessanti et al. [28]
Publication year 2015 2010 2007 2013
Number of subject . . 71 540
RV EDVi (mL/m2) M 61 (35, 87) 65 (40, 89) 75 (49, 100) EDV, mL: 107 (74, 163)

W 53 (32, 74) 65 (39, 92) EDV, mL: 81 (58, 120)
RV ESVi (mL/m2) M 27 (10, 44) 28 (12, 45) 38 (23, 53) ESV, mL: 44 (22, 80)

W 22 (8, 36) 29 (8, 51) ESV, mL: 30 (15, 52)
RV EF (%) M 58 (45, 71) 57 (44, 69) 49 (30, 58) 60 (45, 75)

W 56 (38, 65) 63 (49, 79)

Values are presented as mean (LLN, ULN). LLN, Lower limit of normality, ULN, Upper limit of normality, LLN and ULN are defined as 
mean ± 2SD. Used with permission of Mayo Foundation for Medical Education and Research. All rights reserved
Abbreviations: RV right ventricular; EDVi end-diastolic volume index, ESVi end-systolic volume index, EF ejection fraction, M men, W women, 
ASE American Society of Echocardiography, EACVI European Association of Cardiovascular Imaging
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Is 3D Better than 2D During Stress 
Echo?

Hyun Suk Yang and Krishnaswamy Chandrasekaran

 Introduction

Conventional two-dimensional (2D) stress echocardiogra-
phy (SE) has been well established as a noninvasive imaging 
method for the diagnosis and prognosis of ischemic heart 
disease. However, obtaining the exact plane matching the 
various stages, is a limitation at times [1–3]. Compared to 
2D, three-dimensional (3D) SE has the theoretical advan-
tages of encompassing the entire left ventricle (LV) within a 
single dataset and obtaining precise, anatomically correct 
tomographic sections, matching them at different stages of 
stress with less operator-dependence [4, 5] (Table  23.1). 
Mainly, 3D multiplane imaging markedly shortens image 
acquisition time compared with conventional 2D imaging [5] 
(Fig. 23.1). During exercise SE, time efficiency in acquisi-
tion of 3D datasets is more beneficial because increasing the 
time between exercise termination and image acquisition 
reduces diagnostic sensitivity [6]. Historically, there have 
been more published reports on 3D pharmacological stress 
because previous multi-beat full-volume imaging resulted in 
more stitching artifacts from hyperventilation with exercise 
stress [5, 7].

Recent advances in 3D ultrasound technology offer supe-
rior image quality, higher frame rate, single beat acquisition 
of whole 3D datasets without stich artifacts, and user-friendly 
post-processing software which makes 3D attractive for rou-
tine SE.

 3D SE Image Acquisition

Generally, 3D SE image acquisition based on a routine SE 
protocol [1] can be accomplished using either exercise or 
pharmacologic stress. The core echo images to be obtained at 
baseline and at peak stress include whole LV walls, and care 
should be given to ensure a high-quality electrocardiogram 
(ECG). Along with ECG, heart rate (HR), and blood pressure 
monitoring, continuous echo imaging allows detection of the 
ischemic threshold using dobutamine SE (DSE). The stan-
dard DSE protocol involves infusion of dobutamine at 10, 
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Table 23.1 Advantages and disadvantages of 3D stress 
echocardiography

Advantages Disadvantages
Image 
acquisition

•  Reduced image 
acquisition time

•  Lower image 
resolution

  •  Single-beat acquisition 
of a whole dataset, 
especially good for 
arrhythmias

•  Lower frame rate 
(volumes per 
second)

  •  Avoids apical 
foreshortening

•  Stich artifacts from 
multi-beat 
full- volume 
acquisition

  •  Encompasses the entire 
left ventricle

  •  Improves reproducibility
  •  Reduces operator 

dependency
Data 
analysis

•  Volumetric data allows 
many different planes and 
slices simultaneously 
available

•  Time requirement 
for further 
postprocessing

  •  Optimal visualization of 
the LV apex with true 
tomographic imaging of 
all segments

  •  Choice between 
similar-plane rest and 
stress for comparison

  •  Accurate assessment of 
volume or ejection 
fraction

  •  Parametric imaging
  •  3D strain
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20, 30, and 40 mg/kg/min at every 3-minute stage, and addi-
tional atropine (0.5–2.0 mg) is used to achieve a target HR of 
85% of the age-predicted maximal HR. Endpoints for termi-
nation include achievement of the target HR, hypotension, 
new or worsening wall motion abnormalities, significant 
arrhythmias, severe hypertension, and intolerable symptoms 
[1]. Contrast agent for left ventricular opacification is recom-
mended when two or more contiguous segments of any coro-
nary territory cannot be adequately visualized [1] which 
increases yield of 3D DSE [8, 9].

Specifically in 3D SE, first, make sure to choose the 
3D-capable matrix-array transthoracic transducer from the 
vendor [Philips EPIQ CVx for X5–1 (combined 2D/3D); GE 
Vivid E95 for 4Vc (combined 2D/3D); Siemens Acuson 
SC2000 for 4Z1c]. Secondly, fix the probe in the optimal 
apical position, no longer needing to move to another para-
sternal echo window position.

 Modes of 3D SE

 Multi-Plane, or Multi-Slice Imaging

Biplane SE can be performed from the apical window (60- 
and 120-degree planes) imaging two apical views simultane-
ously (Fig.  23.2), leading to a significant reduction in 
acquisition time without compromising image quality or 

diagnostic yield compared with 2D SE [5]. Bi- or triplane 
imaging permits capture of multiple “2D” images from dif-
ferent planes in the same beat, providing superior frame rates 
as compared to 3D volumetric imaging [5, 10]. Multi-slice 
SE permits simultaneous presentation of standard long axis 
(apical 4-chamber, 2-chamber, and 3-chamber) and short 
axis views (apex, mid, and base levels), sorted by stage 
(Fig. 23.3).

 Real-Time 3D Full Volume (Multi-Beats, or 
Single Beat)

Using the matrix array transducer, real-time 3D full volume 
datasets are obtained from the apical window with the 
volume- size adjusted to encompass the entire LV.  The 
multi- beat 3D full-volume acquisition requires several con-
secutive ECG-gated conical sub-volumes to develop one 
full volume. One has to make sure the breath is held at end-
expiration to avoid stich artifacts between the sub volumes 
(Fig. 23.4). Recently available single beat live 3D full vol-
ume acquisition can accommodate the entire LV within a 
sizable single sector (up to 100° × 100° degrees) with an 
acceptable frame rate range (up to 51 volumes per sec-
onds). This actual live 3D full volume image avoids stich 
artifacts, overcomes rhythm disturbances, and reduces 
acquisition time.
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Fig. 23.1 Imaging acquisition time at peak stress: the imaging acquisi-
tion time is significantly shorter in 3D or biplane than 2D (3D vs 2D: 
1.9 ± 0.2 vs. 60 ± 27 seconds; Biplane vs. 2D: 9.3 ± 2.8 vs. 60 ± 27 sec-

onds, all, P < 0.001) [5]. Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved
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 Integrated 2D/3D Mode

Integrated 2D- and 3D-mode approaches to SE may improve 
the diagnostic yield while maximizing image quality and 
choosing the optimal imaging plane [11]. Biplane-guided 
volumetric 3D SE helps avoid losing any LV walls [5]. Single 
transducers can acquire both 2D and 3D studies, eliminating 
an early limitation of 3D SE that required switching trans-
ducers in an integrated 2D and 3D protocol (X5-1 of EPIQ 
CVx, 4Vc of Vivid E95).

 3D SE Data Analysis: LV Wall Motion 
Abnormality

The 3D SE analysis for myocardial ischemia depends on 
standard 2D slices using a 16- or 17- segment wall motion 
analysis model following American Society of 

Echocardiography guidelines [1]. The 3D volume datasets 
can be auto-extracted and visualized on-cart during the SE 
(Fig.  23.3). Sorting and comparison options are generally 
available either by stage or by view. Volumetric data can be 
exported to vendor-specific workstations for rendering and 
further analysis (QLAB for Philips, Echo PAC for GE, SC200 
workplace for Siemens). The 3D full volume can be cropped 
as apical 4-chamber, apical long-axis, and apical 2-chamber 
views and then as short-axis views at various levels from the 
LV apex to base, and can be rendered as a 9-slice simultane-
ous display [5, 12] (Fig. 23.4). Most clinically performed 3D 
SE for diagnosis and prognosis of myocardial ischemia is 
based on detection of new or worsening regional wall motion 
abnormalities (RWMA) by qualitative analysis. Good feasi-
bility and accuracy for angiographic ischemic heart disease 
has been reported in both exercise and dobutamine 3D SE [5, 
6, 13]. Further quantitative 3D SE analysis may be followed 
as an adjuvant to LV wall motion analysis [14, 15].

Fig. 23.2 Biplane images of the LV obtained from apical window at 60 and 120 degrees, at baseline and peak stress. Used with permission of 
Mayo Foundation for Medical Education and Research. All rights reserved
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 Beyond LV Wall Motion

In addition to visualizing new or worsening RWMA, 3D 
SE can provide more accurate quantitative data regarding 
LV volumes and ejection fraction, both at baseline and 
peak stress (Fig.  23.5). A low resting-LV ejection frac-
tion or an absence of LV contractile reserve (<5% increase 
in ejection fraction) are negative prognostic markers in 
SE [16].

 Limitations

Disadvantages of 3D SE are summarized in Table 23.1. Low 
temporal resolution is more problematic in contrast 3D SE 
[9]. Stich artifacts from respiration (it’s hard to ask patients 
to stop breathing at end-expiration during peak exercise), 
cardiac motion, and irregular cardiac rhythms often limit 
image quality in multibeat ECG-gated full volumes which a 
single-beat acquisition can overcome.

Fig. 23.3 Auto extracted long- and short-axis standard images of the LV, compared by stage (baseline, low dose). Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved
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 Future Direction

Until now, 3D SE has not been widely performed worldwide. 
Smaller-footprint matrix transducers (combined 2D and 3D) 
and single beat 3D full volume modes with wider sector 
angles and higher frame rates will improve image quality, and 
the ease of obtaining 3D datasets may increase the utility of 
3D during stress. 3D SE software providing automated side-

by-side- analysis of multiple sections at each stage will save 
post-processing analysis time. In addition, analysis of seg-
mental volumetric changes, or parametric imaging with myo-
cardial deformation (strain or strain rate) will allow objective 
assessment of the segmental myocardial ischemia [15, 17]. 
Furthermore, 3D fusion with CT or MRI or true 3D visualiza-
tion with virtual reality or holography [18] may extend 3D 
communication to a more general, less technical audience.

Fig. 23.4 Real-time 3D full volume image from four conical sub- 
volume summation. Post-processing of the volumetric dataset allows 
visualizing the orthogonal short and true LV apex using optimal side- 

by- side display of rest and stress images, and 9-slice displays as well. 
Used with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved
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Congenital and Acquired Ventricular 
Septal Defects

Francesco F. Faletra, Krishnaswamy Chandrasekaran, 
and Joseph F. Maalouf

 Introduction

A full understanding of congenital ventricular septal defects 
(VSDs), [location, structure relationships with adjacent mus-
cular or fibrous septum and/or surrounding atrioventricular 
or semilunar valves], requires a certain familiarity with sep-
tation of the ventricles and normal post-natal appearance of 
the interventricular septum (IVS). Indeed, the IVS is a com-
plex three-dimensional non-planar partition between the 
right ventricle (RV) and left ventricle (LV), running obliquely 
(with respect to coronal plane of the body) from the anterior 
to posterior interventricular groove. Due to this angulation, 
the RV lies anteriorly and the LV posteriorly. Most of the 
surface of the IVS is muscular. Only a small segment, located 
just below the aorta, is made up of fibrous tissue. This region 
is termed membranous septum (MS). The muscular and MS 
have different developmental origins. This chapter will start 
with a concise description of the septation of the ventricles 
and normal aspects of the IVS.

 Interventricular Septum Development

A comprehensive depiction of the septation of the ventricles 
is beyond the scope of this chapter. Herein, readers will find a 
brief and necessarily simplified portrayal of IVS develop-

ment. Before septation, two distinct chambers in the heart 
tube (Fig. 24.1) contribute to the adult ventricles [1]. They are 
called the bulbus cordis and primitive ventricle. The bulbus 
cordis is composed of three segments: a proximal 1/3 which 
becomes the truncus arteriosus that gives rise to the pulmo-
nary artery and aorta, a middle 1/3 conus segment that forms 
the LV and RV outflow tracts, and a caudal 1/3 from which 
most of the right ventricle is derived. The common ventricu-
lar cavity is formed by fusion of the primitive ventricle with 
the caudal 1/3 of the bulbus cordis, and the circular constric-
tion or sulcus separating the two is named the bulbo-ventric-
ular fold or sulcus that develops into the interventricular 
sulcus or groove. A muscular sheet grows upwards from the 
floor of the common ventricle dividing it into right and left 
halves, and forms the muscular part of the IVS (muscular sep-
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Fig. 24.1 (a and b) Illustrations of the heart tube used with permission 
from Core Concepts of Pediatrics, second Edition, Ashraf Aly, MD and 
Soham Dasgupta, MBBS, September 2020 (a), and adapted with per-
mission from ThoracicKey.com General Considerations of Cardiac 
Embryology (b). The bulbus cordis gives rise to the proximal truncus 
arteriosus (TA), a middle conus segment, and a distal segment from 
which most of the right ventricle is derived (see text)
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tum). Meanwhile a partition named conal septum divides the 
upper 2/3 of the bulbus cordis and grows downwards. The 
muscular septum and the conal septum approximate each 
other leaving in between a small space named interventricular 
foramen. This foramen is filled up by a proliferation of the 
mesenchymal cells from endocardial cushion and conal sep-
tum. The MS takes origin from this fusion. Because the future 
tricuspid valve is more apical than the mitral valve, a small 
portion of the membraneous septum separates the future right 
atrium from the LV and is called the atrio-ventricular (AV) 
septum.

Thus, the post-fetal IVS has three origins, (1) upwards 
proliferation of muscular cells from the floor of the com-
mon ventricle (2) downwards proliferation of muscular 
cells from the conal septum and (3) proliferation of mesen-
chymal cells derived from the AV endocardial cushions or 
the conal septum. Muscular and membranous VSDs either 
isolated or part of more complex congenital malformations 
take origin from a deficient growth of one or more of these 
components.

 Anatomy of IVS

 The Membranous Septum

The MS is a thin, roughly quadrangular fibrous area about 
10 mm in maximum length. When viewed from a left ven-
tricular perspective, the MS is positioned in the space of a 
fibrous triangular area between the hinge line of the aortic 
right coronary and non-coronary leaflets [named interleaflet 
triangle (ILT)]. The superior margin of the MS merges with 
the fibrous tissue of the ILT while the inferior margin, inserts 
on the crest of the muscular IVS (Fig. 24.2).

The MS is in fibrous continuity with the right fibrous tri-
gone. These two fibrous structures form the central fibrous 
body. The hinge line of the septal leaflet of the tricuspid 
valve divides the MS into two parts. The cranial component 
is the atrio-ventricular membranous septum (AVMS), sepa-
rating the right atrium from the left ventricle, and is also 
referred to as the fibrous AV septum. The caudal part is the 
interventricular membranous septum (IVMS) which is a 
fibrous partition between the two ventricles. The size of the 
AVMS and IVMS is variable depending on the insertion of 
the septal leaflet: the higher the leaflet’s insertion the smaller 
the AVMS (Fig. 24.3).

 Muscular Septum

The muscular septum is an extensive non-planar muscular 
partition between the two ventricles. In cross-section, the 
muscular septum has a curved-shaped arrangement. The con-
vex surface is towards the RV (which wraps around the LV 
extending from the anterior to the posterior interventricular 
groove), and concave surface towards the LV. consequently, 
the right surface is larger than the left surface (Fig.  24.4a 
and b). Although real anatomic boundaries do not exist, the 
muscular septum can be empirically divided into three com-
ponents: an inlet, an apical trabeculated, and an outlet com-
ponent. The inlet part is inferior-posterior to the membranous 
septum. It begins at the level of the atrioventricular valves 
and ends approximately at level of chordal attachment. The 
trabecular part is mainly limited to the apex, and the infun-
dibular part is smooth-walled and separates the right ven-
tricular outflow tract from the left ventricular outflow tract. 
The right side of the infundibular septum is more extensive 
than its left counterpart, and is bordered superiorly by the 

a b

Fig. 24.2 With the permission of Edgardo Bonacina, Niguarda hospi-
tal Milan. (a) Anatomic specimen showing the membranous septum 
(MS) located in the caudal space of the interleaflet triangle (ILT) 
between the right coronary (RC) and noncoronary (NC) aortic leaflets 

hinge lines. The superior border of the MS inserts into the fibrous tissue 
of the ILT (white dotted line) while the inferior border inserts on the 
crest of the interventricular septum (IVS-yellow dotted line). (b) The 
margins of the MS are well-delineated through transillumination
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pulmonary semilunar valves, while the inferior border is 
delimited by the crista supraventricularis. This segmentation, 
though anatomically not existing, allows a more rational and 
easier classification of VSDs. CMR and CT cross-sectional 
images show the curved arrangement of the IVS (Fig. 24.4a 
and b). 3D TEE is able to visualize the muscular IVS from a 
unique “en face” view either from the LV or RV perspectives 
that is unavailable when using 2D cross- sectional imaging. 
(Fig. 24.4c and d).

 Isolated Congenital VSDs

Congenital VSDs are the most common congenital defects 
both in children and adults apart from the bicuspid aortic 
valve [2]. They can exist in isolation, but are also found as 
integral components of other cardiac anomalies, such as 
tetralogy of Fallot, double outlet right ventricle, or common 
arterial trunk. In this chapter we focus on isolated VSDs. 
They may vary greatly in site, size and consequently in clini-

a b

c d

Fig. 24.3 With the permission of Faletra et al. in “Atlas of non-inva-
sive imaging in cardiac anatomy” Springer Nature Switzerland 2020, 
Page 60–61. (a, c) CT scan and 2D TTE longitudinal cross-section of 
the aortic valve, membranous septum (MS), and interventricular sep-
tum (IVS) (b, d). Magnified images of the areas inside the red square, 

showing the MS divided by the insertion of the septal leaflet (SL) of the 
tricuspid valve (hinge), into two parts the atrio ventricular membranous 
septum (AVMS) and the interventricular membranous septum (IVMS). 
Of note the bundle of His (pale-green circle) runs between the inferior 
border of the MS and the crest of the IVS (panel B)
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cal presentation and natural history. In the ensuing para-
graphs we illustrate nomenclature, basic physiopathology 
and the anatomical arrangement of the most common iso-
lated VSDs.

Nomenclature Unfortunately, there is no full agreement on 
how to classify isolated VSDs [3]. This lack of uniformity is 

due at least to two factors: first, there are different interpreta-
tions regarding the anatomy of the VSD, second when there 
is agreement on the patho-morphology, authors have used 
different names for indicating the same type of 
VSD. Classically, there are two ways for classifying VSDs, 
one is based on their location within the septum from right 
ventricular perspective (geographic approach), the other is 

a

c d

b

Fig. 24.4 (a, b) CMR (a) and CT (b) cross section images of the inter-
ventricular septum (IVS, dotted line) showing that the septum is convex 
towards the right ventricle (RV) and concave towards the left ventricle 
(LV). (c, d) Modified images with the permission of Faletra et  al. in 
“Real time interventional echocardiography” Springer-Verlag London 

2014, Page 139. Images show the left surface (c) and the right surface 
(d) of the IVS “en face”. Conventional subdivision of the IVS into inlet, 
trabeculated apical and outlet. The dotted lines mark the arbitrary 
boundaries between them. Asterisk marks the position of the membra-
nous septum (MS)
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based on the type of VSD borders and the relationships to 
adjacent septum and/or surrounding fibrous structures (bor-
der approach). Both approaches are useful. Classifying the 
VDSs based on the geographic approach allows  determination 
of the site of surgical incision (for instance through the 
atrium, or through the RV or pulmonary artery). Whereas the 
border approach helps to define the structures adjacent to the 
defect, for instance pathway of conduction system, arterial or 
atrio-ventricular leaflets, in order to avoid injuries during 
surgery.

Pathophysiology Analogous to ASDs, the size of the VSD, 
the amount of shunt and the pulmonary and systemic vascu-
lar resistances are the key factors for determining the patho- 
physiological consequences and clinical scenarios in patients 
with VSD. There is a spectrum of patho-physiological states 
and the aforementioned geographic or border classifications 
can be coupled to a classification based on patho-physiology. 
At one end of the spectrum are restrictive VSDs. This term 
refers to small VSDs (also called “maladie de Roger”) in 
which the size of the defect is less than 1/3 of the size of the 
aortic annulus and a significant gradient between left and 
right ventricle (>60 mmHg) can be measured. Both pulmo-
nary pressure and pulmonary vascular resistances are nor-
mal. These VSDs are usually benign, and, apart of the risk of 
infective endocarditis, children with restrictive VSDs remain 
asymptomatic and spontaneous closure and normal growth 
can be expected. On the other end of the spectrum are the 
non-restrictive VSDs. The term refers to large VSDs in 
which the pulmonary circulation is subjected to an increase 
in pulmonary flow early in the course of the disease. Over 
few years (but also over few months depending on how large 
the VSD is) the majority of patients develop irreversible pul-
monary vascular changes (such us thickened adventitia, 
medial hypertrophy and vascular endothelial changes) lead-
ing to a progressive increase in pulmonary vascular resis-
tance with a consequent reduction in the left-to-right shunt. 
With disease progression, equalization of pressures between 
the two ventricles with cessation of the shunt occurs. This 
may be followed by development of irreversible severe pul-
monary hypertension (Eisenmenger syndrome) with right- 
to- left shunting across the VSD.  In between these two 
extremes there are VSDs called moderately restrictive VSD 
in which the size of the VSD is about half of the aortic annu-
lus and the pulmonary pressure and resistances are increased 
but not at systemic levels. Characteristically these VSDs 
result in left atrial and left ventricular dilation due to volume 
overload, and patients may present with shortness of breath 
due to excessive pulmonary blood flow. In the following 
paragraphs we describe the anatomic appearance of the most 
common types of VSD: perimebranous VSD, Gerbode 
defect, muscular and infundibular VSD.

Perimembranous VSDs are located in the area of the 
interventricular part of the MS and therefore, below the sep-
tal leaflet of the tricuspid valve at level of the antero-septal 
commissure (Fig. 24.5a and b). This defect is the most com-
mon VSD subtype occurring in 75–80% of all cases of iso-
lated VSD and is due to deficiency of membranous septum 
along with variable portion of the surrounding muscular sep-
tum. Characteristically part of the border of this defect is 
lined by the border of residual MS itself or by fibrous tissue 
of the superior interleaflet triangle (Fig. 24.5c). The remain-
ing borders are muscular with variable extension towards the 
inlet, trabeculated or outlet septum. It is very unlikely for the 
perimebranous defect to exist completely inside the interven-
tricular membranous septum without a muscular border. Of 
note, the His bundle, courses along the posterior-inferior rim. 
When the defect extends underneath the commissure between 
the right and non-coronary aortic leaflets, one of the leaflets 
may prolapse thorough the defect, accidentally closing (or 
reducing) the size of the defect but, at the same time, distort-
ing the valve with consequent aortic regurgitation 
(Fig. 24.5d). It has been recognized for years that this type of 
defect is associated with so-called aneurysm of the membra-
nous septum. Angiographically this is a pouch like structure 
with well-defined margins protruding for some extent into 
the right ventricle. Imaging of this anatomic arrangement 
can be obtained using CT or TTE (Fig. 24.5e and f). A hemo-
dynamically large perimebranous VSD in infancy may prog-
ress to a smaller defect later in childhood with the formation 
of such aneurysm. The presence of the aneurysm has there-
fore, been considered a marker for the defect that is likely to 
close or become smaller and hemodynamically and clini-
cally irrelevant [4]. The substrate of this anatomical arrange-
ment has been in the past subjected to numerous studies and 
is still controversial. The hypothesis that this pouch-like 
deformation may originate from the membranous septum 
itself appears rather questionable. Indeed, the membranous 
septum is made up from compact and robust fibrous tissue 
resistant to left ventricular pressure and it is unlikely (unless 
there is connective tissue deficiency of the MS itself, which 
is improbable) that it may progress to aneurysm formation. 
Most likely the aneurysm derives from the juxtaposition of 
tricuspid leaflet tissue around the defect. The septal leaflet 
may, in fact, be injured by the high-velocity jet crossing the 
defect. Jet lesions may, in turn, cause inflammation, de- 
endothelization and adherence of leaflet tissue around the 
border of the defect, partially (or entirely) closing the defect 
and creating the aneurysm [5].

Gerbode Defect While a perforation through the IVMS 
connects the two ventricles, a perforation of the AVMS con-
nects the LV with the right atrium (RA). This rare congenital 
communication is called a Gerbode defect, after the name of 
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the cardiac surgeon who first successfully performed the clo-
sure [6]. Three types of congenital patho-morphological 
arrangements may connect the LV to the RA. The classic one 
is perforation of the AVMS and is called supra-valvular or 
direct, the second type, called infra-valvular is likely due to 
a perimembranous defect accompanied by structural changes 
of septal leaflet as a result of the aneurysmal pouch. This 
defect connects the LV either with RA or with RV (see previ-
ous paragraph on perimembranous defect); the third type is a 
combination of supra and infra-valvular communications. 
Although known as congenital, LV to RA communications 
may be iatrogenic. Surgical aortic and mitral valve replace-
ments, tricuspid annuloplasty ring insertion, and percutane-
ous cardiac interventions such as AV node ablation, and 
endomyocardial biopsies may accidentally result in damage 
to the MS with consequent perforation and LV-to-RA shunt. 
Finally, non-congenital, non-iatrogenic Gerbode defects are 
those caused by infective endocarditis or blunt cardiac 
trauma.

The Muscular Inlet VSDs maintain a muscular rim all 
around the defect and are located in the inlet portion of the 
muscular septum. The inlet VSDs that have no rim between 
the defect and the atrioventricular annulus and include 
abnormalities of the atrio-ventricular valves are referred to as 
atrio-ventricular septal defects (see Chap. 20).

The Trabecular VSDs are located in the trabecular part 
of the septum. Some of these defects have multiple holes vis-
ible on both side of the IVS. These defects can be further 
classified according their location in mid-septal, apical, pos-
teroinferior and anterosuperior.

The Outlet VSDs are located in the muscular part of the 
infundibular septum and are rimmed completely by muscu-
lar tissue. In some outlet VSDs the superior part of the defect 
is adjacent to the aortic annulus, pulmonary annulus or both 
(Fig. 24.6). These defects are termed supracristal, conal sub- 

pulmonary or double-committed. Right coronary cusp pro-
lapse into the VSD can occur analogous to perimembranous 
VSDs.

 Ventricular Septal Rupture

Post acute myocardial infarction (AMI) ventricular septal 
rupture (VSR) is a potentially devastating complication that 
occurs 1–8 days after the AMI, and is caused by complete 
occlusion of a major coronary artery that supplies the IVS 
and results in transmural septal infarction. The incidence of 
VSR has decreased from 1 to 3% in the pre-reperfusion era 
to 0.17–0.31% following primary percutaneous coronary 
intervention [7]. In fact, reperfusion of the infarct-related 
artery within the first 6  h of AMI limits the necrotic area 
which helps prevent the occurrence of VSR. Several mecha-
nisms may cause VSR (1) a large intramural hematoma may 
“dissect” the necrotic tissue leading to an abrupt laceration 
within the first 24 h. (2) Lytic enzymes produced by neutro-
phils in the infarcted area, may erode the wall with subse-
quent tear and (3) A perforation may occur in the central 
portion of a thin septal aneurysm. It is interesting to note that 
delayed reperfusion (after 6–10 h) may contribute to the gen-
esis of VSR.  Indeed, in this time frame, the myocardium 
undergoes coagulation necrosis and edema, and the capillary 
network begins to be disrupted. In this histopathological set-
ting, torrential blood flow (due to the opening of the epicar-
dial infarct-related artery into myocardial tissues) may itself 
cause an intramural hematoma with potential risk of 
VSR. Septal rupture in anterior AMI tends to be apical with 
a discrete simple defect. Conversely, in inferior-posterior 
AMI the VSR is usually located in the basal portion of the 
posterior septum and often has a more complex, serpiginous 
course (Fig. 24.7).

Fig. 24.5 (a–d) Anatomic specimens courtesy Dr. William D. Edwards. 
Cross section cut “five chamber view” showing the aorta (AO), right atrium 
(RA), left atrium (LA) Right ventricle (RV) and left ventricle (LV). (b) 
Magnified image of the structures inside the red square in panel a. The 
image shows a perimebranous defect (arrow) immediately below the tricus-
pid valve leaflets (TV). (c) Anatomic images of a perimebranous defect 
(asterisk). The superior-anterior margin is made up from the residual mem-
branous septum immediately below the interleaflet triangle (ILT) between 
the non-coronary (NC) and right coronary (RC) cusps (white dotted line), 

while the inferior margin is made up from muscular tissue (red dotted line). 
(d) Perimebranous defect (asterisk) extending to the commissure between 
the RC and NC cusps. The right coronary cusp prolapses (arrow) into the 
defect likely causing aortic regurgitation (see text). (Images a–d were used 
with permission of Mayo Foundation for Medical Education and Research. 
All rights reserved) (e). CT scan in long axis view showing a perimebra-
nous defect (white curved arrow) partially closed by tricuspid tissue (red 
arrows). (f) CT scan in long axis view of a perimebranous defect (white 
arrow) totally closed by tricuspid tissue (red arrows)
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Fig. 24.6 (a, b) anatomic specimens showing a large trabecular mus-
cular VSD (a) and a large infundibular VSD (b). Courtesy William 
D. Edwards (Mayo Clinic). (Images a and b were used with permission 
of Mayo Foundation for Medical Education and Research. All rights 

reserved). The defects are marked with asterisks. (c) 2D TEE showing 
a trabecular VSD (arrow). (d) Same VSD with color Doppler, the jet is 
seen crossing the defect (arrow)
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The size of the defect may vary from few millimeters to 
several centimeters and is the primary cause of the magni-
tude of the left-to-right shunt. Large defects lead to the 
development of right ventricular dysfunction, pulmonary 
hypertension, congestive heart failure, low cardiac output 
and fatal cardiogenic shock.
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a b

Fig. 24.7 (a) 2D TEE short axis transgastric view showing a huge VSR (dotted arrow) in the inferior septum. (b) Similar image anatomic speci-
men (Image b used with permission of Mayo Foundation for Medical Education and Research. All rights reserved). LV, left ventricle; RV, right 
ventricle
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CT and MRI of Ventricles and Ventricular 
Septum

Kathleen A. Young, Korosh Sharain, Thomas A. Foley, 
and Nandan S. Anavekar

Both cardiac computed tomography (CT) and magnetic reso-
nance imaging (MRI) are adjuncts to echocardiography in 
the assessment of cardiac structure and function. In this 
chapter, we demonstrate how cross-sectional imaging with 
CT or MRI vastly improves the understanding of both 
acquired and congenital structural defects of the ventricles 
and ventricular septum.

Left ventricular pseudoaneurysms are cardiac ruptures 
which are contained by the pericardium or scar tissue, with-
out involvement of myocardium or endocardium [1, 2]. They 
can occur as a complication of myocardial infarction 
(Fig.  25.1), cardiac surgery, chest trauma (Fig.  25.2), or 
endocarditis [1, 2]. On imaging, they generally have a nar-
row neck compared to the body of the aneurysm [2]. On car-
diac CT and MRI, they generally appear as contrast or 
fluid-filled saccular or fusiform outpouchings, and may also 
include thrombus [3]. Surgical or transcatheter closure is 

usually considered [1, 4]. Both cardiac CT and MRI can pro-
vide information regarding the anatomy and involvement of 
adjacent structures to aide procedural planning [3, 4].

Identification and characterization of congenital or 
acquired defects within the ventricular septum is greatly 
enhanced by the use of cross-sectional imaging. For exam-
ple, in congenital ventricular septal defects, either MRI or 
CT can be helpful to define surrounding anatomy, identify 
associated lesions, and confirm anatomy of defects less well 
visualized by echocardiography (Fig. 25.3, [5, 6]). Similarly, 
in acquired ventricular septal defects, such as what can 
occur as a complication of an acute myocardial infarction, 
iatrogenic following aortic or mitral valve surgery 
(Fig. 25.4), or due to infection or trauma; a multimodality 
imaging approach with cardiac CT or MRI can provide cru-
cial information for surgical or transcatheter procedural 
planning [7, 8].
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Fig. 25.1 Ventricular Pseudoaneurysm: patient had a history of 
NSTEMI and was found to have severe multivessel disease for which 
he underwent urgent revascularization with coronary artery bypass 
grafting. He presented 4 months later with dyspnea and an apical sys-
tolic murmur was heard. Transthoracic echocardiography identified a 
complex-appearing left ventricular pseudoaneurysm. Computed tomog-
raphy was performed to evaluate the extent of the pseudoaneurysm. 
Top two panels—The patient had a bi-lobed LV pseudoaneurysm 
(asterisks) that communicated with each other by a thin tract (yellow 
arrows) which ultimately connected to the right ventricle (red arrow). 

Bottom panel—Left: curved planar reformatting provided better visu-
alization of the tract into the right ventricle. The tract connecting the 
bilobed pseudoaneurysm (A–B) was measured for pre-procedural plan-
ning. No intracardiac thrombus was identified. Additionally, CT pro-
vided the ability to evaluate the coronary artery bypass grafts which 
were all patent. Right: Cardiac MRI demonstrating thinning and trans-
mural delayed enhancement (blue arrows) of the apex. Used with per-
mission of Mayo Foundation for Medical Education and Research. All 
rights reserved. LV left ventricle, RV right ventricle
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Fig. 25.2 Traumatic Ventricular Pseudoaneurysm: Patient presented 
after a high-speed head on motor vehicle accident. Cardiac CT demon-
strated a pseudoaneurysm of the basal anterior wall (white asterisk) and 
an aneurysm of the basal inferior wall (yellow asterisk) suspected to be 
post-traumatic in nature. Of note, no intracardiac thrombus was identi-

fied on CT. The CT also evaluated his coronary arteries which were 
without disease. He also developed flail mitral and tricuspid valves 
requiring repair. Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. LA, left atrium; LV, left 
ventricle
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Fig. 25.3 Congenital Ventricular Septal Defect: A baby was born with 
desaturations and a loud systolic murmur. Echocardiography identified 
a VSD and possible patent ductus arteriosus (PDA). Computed tomog-
raphy was obtained to evaluate for any other congenital heart disease. 
The muscular ventricular septal defect was better characterized and 
measured 3 mm in the axial view (top left panel—yellow arrow) and 

short axis view (top right panel—yellow arrow). Additionally, the baby 
was found to have coarctation of the aorta (bottom panel—green arrow). 
No patent ductus arteriosus or partial anomalous pulmonary venous 
return was identified. The baby underwent coarctation and VSD repair. 
Used with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved. VSD, ventricular septal defect
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Fig. 25.4 Acquired Ventricular Septal Defect: Membranous VSD identified in a patient who underwent transcatheter aortic valve replacement 
(arrow). Used with permission of Mayo Foundation for Medical Education and Research. All rights reserved. VSD, ventricular septal defect
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 Introduction

Three-dimensional (3D) echocardiography offers incremen-
tal value to two-dimensional (2D) echocardiography in the 
evaluation of intra-cardiac masses (thrombi, tumors, and 
vegetations), by providing real time and post-processing 
assessments of size, shape, inner composition, and relation-
ships with surrounding structures [1] (Figs. 26.1 and 26.2). 
Transthoracic echocardiography (TTE) is the preferred 
method for initial assessment, but transesophageal echocar-
diography (TEE) is often the imaging modality of choice for 
better delineation due to its superior resolution. 3D TEE pro-
vides unprecedented anatomic detail of intra-cardiac masses 
with en-face views [2]. In serial size comparisons, 3D TTE 
reliably permits exactly the same 2D tomographic planes 
from volumetric data allowing accurate measurement of 
mass changes over times.

 Thrombi

Intra-cardiac thrombus typically occurs where there is blood 
stasis (e.g. left ventricular (LV) apical aneurysm with a 
 myocardial infarction; left atrial appendage (LAA) in atrial 
fibrillation), a mechanical prosthesis with suboptimal antico-
agulation, or hypercoagulable states. The LAA is the most 
common location for atrial thrombus formation, and its 
multi-lobular structure with pectinate muscles often mimic 
thrombi [2]. Conventional 2D TEE is the typical diagnostic 
choice for LAA thrombi. However, biplane TEE imaging of 
the LAA targeting the region of interest (ROI) allows multi-
ple simultaneous measurements of the mass in a fast and 
convenient manner (Fig.  26.3). Live 3D echocardiography 
further enhances identification of intra-cardiac thrombi. The 
focused 3D zoom or live 3D Full-Volume acquisition, and 
subsequent post-processing cropping planes help to identify 
the accessary lobes or inner thrombi (Fig.  26.4). Live 3D 
echocardiography also enhances visualization of intraaortic 
atheromatous plaque related thrombus (Fig. 26.5).

 Tumors

Primary cardiac tumors are rare with a reported incidence of 
1.38 per 100,000 inhabitants per year [3]. The majority 
(75%) of primary cardiac tumors are benign, predominantly 
being myxoma (50–70%), followed by papillary fibroelas-
toma, lipoma, and fibroma [3, 4]. Routine 2D echocardiogra-
phy can evaluate the location, appearance, size, and mobility 
of cardiac tumors. Color and spectral Doppler are useful in 
determining the hemodynamic consequences resulting from 
the tumor. Simultaneous biplane or focused live 3D imaging 
of the cardiac tumor allows better visualization of the extent, 
size, shape, and point of attachment.
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f

Fig. 26.1 Caseous Calcification of the Mitral Annulus. Live 3D zoom 
images show an en-face view of the mitral valve apparatus from the LA 
perspective in both end-systole (a) and end-diastole (b). The mitral 
annular calcification (arrow head) originating from the LV side of the 
posterior mitral annulus at end-systole (c) and end-diastole (d). Live 3D 
zoom en-face view of the mitral valve from the LV perspective reveals 

the extent of mitral annular calcification (e). Panel f with a rendering 
plate (purple plate) shows the interior texture of the caseous calcifica-
tion. Used with permission of Mayo Foundation for Medical Education 
and Research. All rights reserved. LA, left atrium; LV, left ventricle; AV, 
aortic valve; AL, anterolateral; PM, posteromedial; CS, Coronary sinus; 
AML, anterior mitral leaflet; PML, posterior mitral leaflet

a b c

Fig. 26.2 Another patient with mobile mass on MAC. (a) Enface LA 
3D TEE Zoom of MV showing MAC (yellow arrows) and a calcified 
nodule (red arrow) with a mobile component (red arrowhead) adjacent 
to ostium of LAA (blue arrowhead). (b) Focused 3D image of the calci-
fied nodule (red arrow) and mobile component(red arrowhead). (c) 
Intraoperative image of the calcified nodule (yellow arrow). Pathology 

showed the mobile component to be semi solid calcium consistent with 
extruded MAC. Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. Ao, ascending aorta; LA, 
left atrium; LAA, left atrial appendage; MAC, mitral annular calcifica-
tion; MV, mitral valve
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Fig. 26.3 Simultaneous biplane 3D TEE imaging reveals a left atrial appendage thrombus and markedly enlarged left atrial chamber with spon-
taneous echo contrast. Used with permission of Mayo Foundation for Medical Education and Research. All rights reserved

a b c

Fig. 26.4 The left atrial appendage shows an accessory lobe (asterisk) 
from the en-face view at upper (a) and mid (b) levels, as well as from 
the anterior approach (c). The bottom panels (d, e, and f) reveal the left 

atrial appendage thrombi (arrows). Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved

d e f
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 Myxomas

About 80 percent of myxomas occur in the left atrium (LA) 
[5]. LA myxomas and thrombi can often be differentiated 
non-invasively with clinical and echocardiographic features. 
Myxomas are larger, with an average diameter of 5–6 cm, 
frequently arising from the endocardial surface of the LA 
with a stalk attached to the interatrial septum close to the 
fossa ovalis. In contrast, thrombi mostly originate from the 
LAA and often in combination with a stenotic mitral valve, 
spontaneous echo contrast, or atrial fibrillation. Grossly, car-
diac myxomas show two morphologic subtypes: the solid 
type is lobular with a smooth surface, whereas the papillary 
type is friable with an irregular surface [6]. For evaluation of 
the mass in the LA, the following sequence generally is rec-
ommended: (1) biplane imaging and measuring the size of 
the mass (Fig. 26.6a and b), (2) Color flow imaging of the 
mitral inflow with continuous wave Doppler for assessing 
the mean pressure gradient if necessary (Fig. 26.6c and d), 
(3) focused live 3D or large volume /Full-Volume imaging 
and post-processing 3D rendering (Fig.  26.7). Finally, the 
specific details of the mass such as size, origin, shape, sur-
face, mobility, prolapse, and whether there is significant 
mitral inflow interference can be assessed.

 Papillary Fibroelastomas

Papillary fibroelastomas (PFE) are the second most com-
mon primary cardiac tumor in adults, often diagnosed inci-
dentally by echocardiography, with a mean age of 60 years 
[7]. In one large study, 89 of 110 PFE seen by echocardiog-

raphy were on the aortic (45%) or mitral valve (36%) with 
72 PFE (81%) occurring on the downstream side of the aor-
tic or mitral valves. A total of 48 out of the 110 PFE (44%) 
had a stalk and all were mobile, and in 85 patients (91%) 
the PFE was single, with nearly all PFE in the study <2 cm 
in size [8]. Two-dimensional (2D) echocardiography gener-
ally shows a well-demarcated, homogeneous, and round or 
oval appearance. Biplane and focused live 3D imaging with 
ROI on the mass including valves, gives the information of 
size, shape, attachment, and mobility—surgery is 
required in highly mobile or large (≥1 cm) tumors [7, 8] 
(Figs.  26.8 and 26.9, and see Figs. 12.24a and b and 
12.25a–d Chap. 12).

 Lipomas

Lipomas are rare cardiac primary tumors, occurring mainly 
in adults, typically presenting as well-circumscribed spheri-
cal or elliptical encapsulated fatty masses. Non-encapsulated 
lipomas within the heart are known as lipomatous hypertro-
phy, and lipomatous atrial septal hypertrophy (LASH) is 
defined by fatty deposits in the interatrial septum with a 
thickness of >2 cm [9] (see also Chap. 19). Often, LASH is 
found incidentally by 2D echocardiography via the charac-
teristic features of a homogenous, dumbbell-shaped mass in 
the interatrial septum, sparing the fossa ovalis [10]. Focused 
live 3D imaging allows better discrimination between encap-
sulated lipoma from LASH in addition to providing informa-
tion regarding spatial relationships, particularly a surrounding 
mass sparing fossa ovalis in en-face view from the right atrial 
perspective [10].

a b

Fig. 26.5 Live 3D TEE in a patient with a descending thoracic aorta 
atheromatous plaque (green arrows) related mobile thrombus (a, white 
arrow) that moves out of the viewing plane in b. Used with permission 

of Mayo Foundation for Medical Education and Research. All rights 
reserved. Ao, aorta
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a b

c d

Fig. 26.6 A prolapsing left atrial myxoma attached at the interatrial 
septum. Evaluated by biplane imaging at systolic (a) and diastolic (b) 
phase. 2D Color Doppler imaging of the mitral inflow (c). The mean 

pressure gradient across the mitral valve measured 8 mm Hg (d). Used 
with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved

a b

Fig. 26.7 Left atrial myxoma attached at the interatrial septum (arrows), acquired in live 3D mode (a) and an ECG-gated Full-Volume acquisition 
(b). Used with permission of Mayo Foundation for Medical Education and Research. All rights reserved
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 Fibromas

Cardiac fibromas are rare but still the second most common 
cardiac tumor, after rhabdomyomas, in the pediatric popu-
lation, but rhabdomyomas often spontaneously regress 
while cardiac fibromas persist [11]. They mostly occur in 
the LV myocardium and are solitary, not distinctly capsu-
lated, and vary in size between 4 and 7 cm. Due to the rela-
tively large mass, biplane and focused live 3D imaging are 
important to measure the size and attachment, and to delin-

eate the mass effect with respect to the surrounding struc-
tures [12] (Fig. 26.10).

 Vegetations

The definition of vegetation is an abnormal outgrowth upon 
a body part, especially some warty excrescences on the car-
diac valves, which are composed of fibrin and collagen, 
either infectious or sterile. The former (infective endocardi-

a b

Fig. 26.8 Biplane (a) and live 3D zoom (b) Transesophageal  echocar-
diography showing an aortic valve (AV) papillary fibroelastoma 
(arrows). It is a highly mobile, spherical, pedunculated mass 1.2 × 1.0 cm 

in size attached to the aortic root near the left main (LM) coronary artery 
ostia. Used with permission of Mayo Foundation for Medical Education 
and Research. All rights reserved

a b

Fig. 26.9 (a) 2D TEE short-axis view of AV.  There is no apparent 
pathology. (b) Live FV of same view showing two small mobile masses 
(red arrows) on aortic surface of left coronary cusp consistent with pap-
illary fibroelastomas. The added depth provided by 3D imaging makes 

it possible to detect cusp pathology. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. 
AV, aortic valve; FV, Full Volume
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tis, IE) contains clusters of bacteria and neutrophils, while 
the latter (nonbacterial thrombotic endocarditis, NBTE) con-
tains adherent thrombi, platelets, lymphocytes or macro-
phages without microorganisms [13].

 Infective Endocarditis (see also Chap. 17)

IE is defined by infection of the denuded endocardial sur-
face, a native or prosthetic heart valve, or an indwelling car-
diac device [14]. The diagnosis is based on clinical features, 

microbiologic evidence, and echocardiographic findings 
based on the modified Duke criteria [15]. Positive echocar-
diographic findings for IE include vegetations (oscillating 
intra-cardiac masses on valves or supporting structures, in 
the path of regurgitant jets, or on implanted materials), 
abscesses, or new dehiscence of prosthetic valves [15]. TTE 
is the first test for all patients with suspected IE; TEE is 
appropriate in patients having prosthetic valves or potential 
intra-cardiac complications. Biplane and live 3D imaging are 
useful supplements to standard 2D echocardiography 
(Figs.  26.11 and 26.12), offering two advantages: (1) 

Fig. 26.10 Live 3D rendered image shows a fibroma attached to the superior and posterior wall of the left atrium (LA). Used with permission of 
Mayo Foundation for Medical Education and Research. All rights reserved

a b

Fig. 26.11 (a) Live 3D image shows a highly mobile vegetation 
(arrow) attached to anterior mitral valve leaflet, presented as en-face 
view from the left atrial perspective, the same as a surgeon’s view. (b) 
Live 3D image reveals a pacemaker lead through the right atrium and 

right ventricle (RV), and multiple vegetations following the pacemaker 
lead as well as the tricuspid valve (yellow arrow). Used with permission 
of Mayo Foundation for Medical Education and Research. All rights 
reserved. AV, aortic valve; LAA, left atrial appendage
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a b

Fig. 26.12 (a) Live 3D in a patient with bicuspid aortic valve and large vegetation (green arrows). (b) Intraoperative view of the vegetation 
(arrow). Used with permission of Mayo Foundation for Medical Education and Research. All rights reserved

Fig. 26.13 Marantic endocarditis with multiple vegetations (arrows) 
on the posterior mitral valve leaflet in en-face view from the live 3D 
zoom rendered transesophageal echocardiography. Used with permis-
sion of Mayo Foundation for Medical Education and Research. All 
rights reserved

Localization or delineation of vegetations, especially in an 
en-face view of mitral valve vegetations from the LA per-
spective (Fig. 26.11a) or following the permanent pacemaker 
leads (Fig.  26.11b). (2) Detection of complications of IE 
such as paravalvular abscesses, paravalvular regurgitation, or 
prosthetic valve dehiscence [16, 17]. But, with a low frame 
rate it may be less sensitive in detection of smaller vegeta-
tion, so focused 3D echo is warranted as part of the routine 
echo imaging protocol [18].

 Nonbacterial Thrombotic Endocarditis (NBTE)

NBTE is characterized by sterile vegetations on the cardiac 
valves, also known as marantic endocarditis to emphasize 
its association with wasting conditions such as cancer. 
NBTE is often associated with preexisting hypercoagulable 
states or malignant cancer [19], and is known as Libman-
Sacks endocarditis when it occurs in the setting of systemic 
lupus erythematosus. Echocardiography is a good diagnos-
tic choice to detect valvular vegetations, but it is not neces-
sarily able to distinguish the vegetation in NBTE 
(aggregations of platelets and fibrin) from those in 
IE. Vegetations in NBTE, analogous to those of IE, are typi-
cally located on the atrial aspect of the mitral leaflets or ven-
tricular aspect of the aortic leaflets, but may be located on 
either valve surface [19]. NBTE vegetations appear verru-

cous, rounded, with well-defined borders, which should be 
easily differentiated from Lambl’s excrescences which are 
thinner (≤2 mm), elongated (>5 mm), independently hyper-
mobile masses typically located at the valvular coaptation 
point [20]. Focused live 3D echocardiography has advan-
tages over 2D for localization and delineation of vegetations 
(Figs. 26.13 and 26.14).
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Fig. 26.14 3D TEE of Bicuspid AV in a 32  year old woman with 
breast cancer and history of recent acute inferior myocardial infarction. 
Patient did not have IE. (a and b) mobile vegetation seen on aortic side 
of anterior cusp (white arrows) consistent with NBTE. Yellow arrows 

point to calcified raphae. IE, infectious endocarditis; NBTE, non bacte-
rial thrombotic endocarditis; RA, right atrium. Used with permission of 
Mayo Foundation for Medical Education and Research. All rights 
reserved
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Atrial Interventions

Francesco F. Faletra, Laura A. Leo, Vera L. Paiocchi, 
Susanne A. Schlossbauer, Pedrazzini Giovanni, 
and Marco Valgimigli

 Closure of PFO

 Introduction

During fetal life, the presence of patent foramen ovale (PFO) 
is key to allow direct blood passage between the two atria. 
The unidirectional (right to left) oxygenated blood passes 
from inferior vena cava through the PFO into the left atrium 
(LA) bypassing the lungs and thereby reaching the fetal sys-
temic circulation. At birth, the increase in pulmonary blood 
flow leads to a rise in LA pressure, and development of a 
pressure gradient between the LA and right atrium (RA), 
which pushes the septum primum (SP) against the septum 
secundum (SS). As a result, the PFO gets “functionally” 
sealed. A permanent “anatomic” fusion between SP and SS 
occurs only later throughout infancy. The contraction of 
atrial cavities may, in fact, produce a friction- induced injury 
on the two overlapping septa, generating an inflammatory 
response with formation of platelet/fibrin accumulation that 
eventually leads to a fibrotic fusion between SP and SS and 
to a definitive closure. However, in a sizable proportion of 
individuals this mechanism fails and SP and SS overlap each 
other leaving a slit-like gap at the superior margin of the two 
septa (Fig. 27.1). This kind of “flap valve” acts as a one-way 
door, opening towards the left atrial cavity when the RA 

pressure exceeds the LA pressure (as during coughing, 
sneezing or straining, actions that can be reproduced with a 
Valsalva maneuver) causing a flash of right-to-left shunt. 
Autoptic and contrast transesophageal echocardiography 
studies have shown that at least in one of every four adults 
the fusion between SP and SS is incomplete [1]. In such 
cases, because right atrial pressure is usually lower than that 
in the left atrium, the PFO remains functionally closed most 
of the time. Therefore, a PFO should be considered an ana-
tomical variant rather than a pathological state, unless it is 
associated with other pathological conditions.

 PFO and Cryptogenic Stroke

In the late 1980s, Lechat et al. demonstrated that in young 
and middle-aged patients (<55 years) who had suffered from 
cryptogenic stroke (CS), (i.e. stroke without any other recog-
nizable cause), the prevalence of PFO was significantly 
higher than in normal individuals (40% vs 10–20%), sug-
gesting a causal role for PFO [2]. Several other studies 
showed similar associations. In contrast, the first randomized 
clinical trial, designed to prevent recurrent CS among PFO 
patients, failed to show a clear clinical benefit from PFO clo-
sure [3–5]. The main reason was likely due to incorrect 
selection of patients in whom CS was PFO-related rather 
than caused by other etiologies. However, recent trials, using 
more advanced technological improvements in neuroimag-
ing, adoption of prolonged ECG monitoring and extensive 
use of 2D/3D TEE, increased the likelihood of identifying 
PFO-related CS. As a result, other causes of stroke such as 
atrial fibrillation, mobile thrombi in the ascending aorta or 
aortic arch, left ventricular thrombi in acute myocardial 
infarction or other vascular causes including intracerebral 
vascular diseases were more effectively ruled-out [6, 7]. 
Thus, when only patients who truly had PFO-related CS 
were included, there is convincing evidence that PFO closure 
decreases the risk of recurrent stroke compared with medical 
therapy alone.
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a b

Fig. 27.1 (a) Cross-sectional cut of 3D TEE imaging showing the 
overlap between septum primum (SP) and septum secundum (SS) with-
out fusion. Depending on the length of SP the opening may have a 
tunnel-shaped configuration (curved arrow). (b) PFO seen in “en face” 

view, from the right atrium perspective, showing a slit-like, crescent- 
shaped gap on the superior margin of the two septa (arrow). PFO, patent 
foramen ovale; RA, right atrium

 Mechanism of Cryptogenic Stroke in Patients 
with PFO

Paradoxical embolism has been considered as the primary 
mechanism of PFO-related CS. Passage of venous thrombus 
to the arterial circulation occurs under hemodynamic condi-
tions that increase the right atrial (RA) pressure. Transient 
increase in RA pressure during straining or coughing, may 
open a PFO and allow venous thrombus transit into the 
LA.  Several case-reports showed images of serpiginous 
thrombus crossing a PFO [8, 9]. Because of the high preva-
lence of clinically latent venous thrombosis, paradoxical 
embolism through a PFO might be responsible for stroke 
more often than historically suspected. Moreover, it has been 
shown that in young or middle-aged patients with CS, the rate 
of pelvic vein thrombosis, or coagulation abnormalities are 
higher than in patients without CS [10, 11]. Another mecha-
nism that may cause stroke is the “in situ” formation of 
thrombi in the setting of “long-channeled” PFO. This pecu-
liar anatomical architecture may, in fact, be an “ideal milieu” 
for stasis and thrombi deposition especially when associated 
with hypercoagulable states [11, 12]. Finally, PFO closure 
appears more effective in preventing the recurrence of stroke 
in patients with large-size PFO (≥2 mm in height), long-tun-
nel PFO (≥10 mm in length), atrial septal aneurysm, promi-
nent Eustachian valve or Chiari network [12]. Thus, patients 
with the above-mentioned morphological PFO characteristics 
should be considered at “high risk” of having PFO-related 
CS. The association between the presence of large PFO and 
persistence of a redundant, large Eustachian valve (EV), a 

remnant of the embryonic right valve of the sinus venosus, 
has been reported. During fetal life, the EV forms a kind of 
preferential path through which oxygenated blood from the 
inferior vena cava crosses the PFO reaching the systemic cir-
culation. With the persistence of a large EV in adult life, 
blood from the inferior vena cava may continue to be directed 
towards the fossa ovalis (FO). Moreover, the pressure caused 
by the column of blood against the surface of the FO may 
favor the maintenance of large PFOs (Fig. 27.2).

 Demonstration of Left to Right Shunt

Though some studies have shown that TTE is as good as 
TEE in diagnosing PFO [13, 14], there is no doubt that TEE 
is the gold standard for the diagnosis of a PFO and delinea-
tion of its morphologic characteristics. Sporadically sponta-
neous left-to-right shunt across a large PFO can be seen 
using color Doppler. However, a definitive diagnosis relies 
on 2D TEE and injection of agitated saline bubble with 
Valsalva maneuver. In patients with PFO, bubbles appear in 
the left atrium via a PFO immediately after Valsalva release 
(Fig. 27.3). If sparse bubbles appear in the left atrium after 
5–6 beats and are not seen crossing the PFO, the passage 
occurs likely through a normal pulmonary vasculature or 
through a possible arteriovenous pulmonary shunt. False 
negative cases may occur especially in young patients, when 
the contrast injected via the antecubital vein is washed away 
by the contrast-free blood arriving from the inferior vena 
cava. When ruling out the presence of PFO is critical, 

F. F. Faletra et al.



311

a b

c d

e f

Fig. 27.2 (a, b) TEE showing the presence of a large Eustachian valve 
(EV) in 2D (a) and 3D (b) format. (c, d) 2D TEE shows an atrial septal 
aneurysm (ASA) in two orthogonal planes. (e) 3D TEE showing an 

ASA “en face” from a right atrial perspective. (f) Same ASA imaged 
from a lateral perspective. AO, aorta; LA left atrium; RA, right atrium; 
SVC, superior vena cava
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Fig. 27.3 Patient with PFO and ASA. (a) 2D TEE short axis view of 
the aorta (AO). During Valsalva maneuver, the RA pressure drops, the 
RA becomes smaller and the LA pressure exceeds that of the RA. As a 
consequence a redundant fossa ovalis (FO) is pushed towards the RA 
(white arrow). (b) the RA is filled by bubbles. (c) With Valsalva release, 

the RA pressure exceeds the LA pressure and the FO bulges towards the 
LA (black arrow) and (d) bubbles cross the FO into the LA through the 
PFO (curved black arrow). ASA, atrial septal aneurysm; LA, left 
atrium; PFO, patent foramen ovale; RA, right atrium

 injection of contrast via the femoral vein may enhance the 
likelihood of detecting a right-to-left shunt.

The presence of PFO does not necessarily imply its clo-
sure. Before considering percutaneous closure, patients with 
suspected PFO-related CS should undergo evaluation by 
both a cardiologist and “stroke” neurologist. This “brain- 
heart team” is necessary to prevent inappropriate interven-
tion in patients in whom the PFO plays a bystander rather 
than a causative role for CS.

 PFO and Migraine

It has been observed that PFO closure in migraineurs who 
have suffered from CS may result in a dramatic reduction in 
migraine attack frequency. This has stimulated interest in a 
causal link between PFO and migraine. It has been specu-

lated that subclinical emboli, as well as metabolites (e.g. 
serotonin) from the venous circulation may bypass the pul-
monary circulation through the PFO and enter the systemic 
circulation, and thereby interact with the trigeminal nerve or 
brain vasculature triggering migraine [15]. However, it is 
still unclear if this is a causal relationship or simply coexis-
tence of these two conditions. Thus, before performing PFO 
closure for migraine prevention, a clear evidence of safety 
and benefit associated with PFO closure must be demon-
strated through large-scale trials. Unfortunately, at the pres-
ent time, preliminary results of one such trial, the PREMIUM 
Trial (Prospective, Randomized Investigation to Evaluate 
Incidence of Headache Reduction in Subjects With Migraine 
and PFO Using the AMPLATZER PFO Occluder to Medical 
Management) failed to demonstrate that PFO closure 
 significantly reduces migraine frequency among migraineurs 
refractory to multiple medications [16].
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 PFO and Scuba Diving

The notion that venous gas bubbles, common after diving 
and usually silent due to filtration by the pulmonary vascula-
ture, could bypass the pulmonary filter through a PFO has 
alerted scuba divers. The Valsalva maneuver is known to 
facilitate right-to-left shunt. While climbing into boats and 
lifting heavy kit, divers may unconsciously perform Valsalva 
maneuver. Thus, PFO is thought to be a potential cause for 
decompression illness (DCI) which may lead to cerebral, 
spinal cord injury, certain types of skin bends and inner ear 
decompression sickness. However, while 20–30% of divers 
might be expected to have a PFO, DCI occurs in only 0.005–
0.08% of dives. This figure is much lower than might be 
expected if every diver with a PFO and venous bubbles 
developed DCI. At this time, routine screening for PFO in 
divers is not recommended. However, it is reasonable to 
screen high-risk individuals such as those divers who had 
suffered from a migraine with aura or those who plan to par-
ticipate in expedition-level dives involving extensive decom-
pression [17].

 The Left Atrial Pouch

Two pathologists, Krushnan and Salazar, in 2010, examined 
94 autopsied hearts focusing on fusion patterns between SP 
and SS. As expected, 27% had a PFO. Among the remaining 
68 hearts without PFO, 27 had complete fusion between SP 
and SS whereas in 41 the fusion was incomplete with a 
Kangaroo-like pocket opening into the left atrium in 37 (when 
the adhesion between SS and SP was only at the inferior limit 
of the zone of overlap) and into the right atrium in 4 (when the 
fusion occurred only at the superior limit of tissue overlap) 
[18]. They named this incomplete fusion as “septal pouch” 
which is how it appears in  vivo when filled with blood. 
Whether the stagnant blood in this pocket may be, like the left 
atrial appendage, a source of thrombus formation and cere-
bral or systemic embolic events is still unclear. Anecdotal 
cases have shown thrombus within the pouch as well as in the 
setting of cryptogenic stroke [19–21]. Epidemiological stud-
ies remain largely inconclusive as the association between the 
presence of atrial septal pouch and embolic cerebral events 
could be shown in only a few cases. Moreover, the presence 
of a left-sided septal pouch is associated with a higher preva-
lence of atrial fibrillation, which may be the driver for sys-
temic embolism [22] rather than atrial pouch per se. Thus, the 
clinical role of the septal pouch as a source of thromboembo-
lism needs further investigations. Cross-section slices that 
transect this region provided by both CMR and CT may illus-
trate this particular anatomic feature. However, we believe 
that 2D/3D TEE remains the best technique to image the sep-
tal pouch (Figs. 27.4 and 19.3b Chap. 19).

 Percutaneous Guidance of PFO Closure

Percutaneous closure of PFO may be guided by fluoroscopy 
and 2D/3D TEE. However, the use of TEE requires general 
anesthesia, thus some interventionalists prefer closing PFO 
with the use of fluoroscopic guidance alone or with intracar-
diac ultrasound. In our institution, PFO closure is usually 
accomplished with 2D and 3D TEE under general anesthe-
sia. Amplatzer PFO Occluder (Abbott Structural, Santa 
Clara, CA) and the Gore Cardioform Septal Occluder 
(W.L. Gore and Associates, Inc., Newark, DE) are the only 
two US Food and Drug Administration (FDA)-approved 
devices for PFO closure. In our institution (and in most of 
European countries), the most widely used PFO device is the 
Amplatzer occluder. This device consists of 2 self-expanding 
discs composed of a nickel-titanium (Nitinol) wire mesh. 
The nitinol is a super-elastic material (when stretched inside 
a sheath, it assumes a cylindrical shape), but with a ‘shape 
memory’ which makes it self-expandable when free of con-
straints. The wire mesh contains a polyester fabric that 
enhances the device’s ability to seal the PFO and eliminates 
interatrial shunting. The two discs are connected by a short 
and thin waist which is twisted around its long axis and 
hence, is extendable once it engages the PFO tunnel. The two 
disks are of different sizes. The right disk is larger than the 
left, and device sizing is based on the right disk diameter. 
Only the smallest device (18 mm) has two disks of equal size 
and is used for small PFOs without redundancy of the sep-
tum primum. Figure  27.5 shows a photograph of an 
Amplatzer PFO occluder and the corresponding 3D TEE 
image “in situ”.

Percutaneous closure is usually performed through the 
right femoral vein. The septal crossing and the other steps of 
the procedure can be easily guided by 2D or 3D TEE using 
an oblique or lateral perspective of the interatrial septum 
which enhances visualization of disc deployment. The PFO 
is crossed using a standard exchange wire and multipurpose 
catheter. The multipurpose catheter is then exchanged for an 
8–9 F trans-septal sheath which is advanced over the guide-
wire into the left atrium through the PFO. Once the guide-
wire is removed, the device is advanced within the sheath 
and, when out, the left disk assumes its original shape. The 
system is then pulled back until the left disc abuts against the 
atrial septum. By withdrawing the sheath and advancing the 
catheter, the right disk is then expanded. The whole process 
is fully reversible. At this point, 2D and/or 3D TEE confirm 
that the septum is clearly trapped between the two disks. 
Maneuvers of pulling and pushing the device ensure its firm 
engagement; then the device is released. Once the catheter is 
withdrawn, 2D/3D TEE and color Doppler provide final 
images of the correct position of the device (Fig. 27.6). With 
time, a fibrous and endothelial layer encapsulates the device 
leading to definitive closure of the PFO.
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Fig. 27.4 (a) 3D TEE cross-section view, showing a left lateral pouch 
(asterisk) in its long axis orientation. Right-to-left rotation around the 
y-axis (curved arrow), leads to the image displayed in panel (b). Further 

right to left rotation is seen in panel (c). Cropping in the direction of the 
arrow leads to the image shown in panel (d). In this image the orifice of 
the pouch (asterisk) is seen in “en face” perspective

a b

Fig. 27.5 Photograph of Amplatzer PFO occluder device and the corresponding 3D TEE image “in situ”. LD, left disc; RD, right disc. Image from 
Francesco Faletra et al. in Real-time 3D interventional echocardiography. Springer-Verlag London 2014 page 35
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Fig. 27.6 Sequence of 3D TEE still frame images from a lateral perspective showing the opening of the left disc (LD) and the right disk (RD). 
Cath, catheter

A novel imaging technique (Echo-Navigator, Philips 
Medical System, Best, the Netherlands), is able to acquire 
patient-specific “real-time-data” from both fluoroscopy and 
2D/3D TEE data set and to overlap them in the three- 
dimensional fluoroscopic space creating a sort of “hybrid 
image”. This fused imaging has the unquestionable advan-
tage of providing easy-to-interpret and reliable images for 
young interventional cardiologists, since soft tissues become 
“visible” and displayed within the standard fluoroscopic 
projections (Fig. 27.7a–d; see Chap. 35). A new volume ren-
dering algorithm using a movable source of light, may 
enhance some specific structures. An illustration of an 
implanted PFO device is shown in Fig. 27.7 panels e and f, 
using the traditional (blue-bronze dual color) and new vol-
ume rendering algorithm. The light positioned beyond the 
volume data set enhances visualization of the septal tissue 
between the discs.

Percutaneous PFO closure is a safe procedure. Major 
complications, such as hemorrhage, perforation of left atrial 
appendage, cardiac tamponade, need for surgical interven-
tion, pulmonary emboli and device embolization, are very 
uncommon with a total peri-procedural complication rate 
less than 1% [23]. Long term device-related complication 
risks, such as thrombus formation or erosion of cardiac struc-
tures, are also rare. Particularly harmful is the erosion of sur-
rounding cardiac structures occurring with the Amplatzer 
device. This device has a relatively rigid structure which 
keeps it stable once implanted. However, when oversized, 

the device may erode and eventually penetrate the anterior 
atrial wall and the adjacent posterior aortic wall [24].

 Closure of ASD

 Introduction

Atrial septal defect (ASD) is a common congenital anomaly 
with an approximate birth prevalence of 1.6 out of 1000 indi-
viduals [25]. Although recognized as a relatively benign car-
diac disease, large ASD, if untreated can eventually contribute 
to significant morbidity and mortality. Longstanding left-to- 
right shunt at atrial level, in fact, may cause right ventricular 
volume overload leading to right heart failure, elevated pul-
monary vascular resistance, systemic embolism, and atrial 
arrhythmias. In addition, diastolic compression of the left 
ventricle (LV) by a dilated right ventricle reduces LV com-
pliance, and this is responsible for the so called “masked LV 
diastolic disfunction”. There are 4 main types of ASDs: 
secundum ASD, primum ASD, sinus venosus ASD, and 
unroofed coronary sinus (see also Chap. 20). Secundum ASD 
is the most common type accounting for about ¾ of all ASDs 
and is more common in females than males. Secundum ASD 
is caused by a deficiency of septum primum (SP) most likely 
due to an excessive resorption (via apoptosis) and therefore 
it is located within the borders of the FO. Its size varies from 
a few millimeters in diameter to more than 3 cm and its shape 
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Fig. 27.7 (a–d) Fluoroscopic-3D TEE fused images during PFO clo-
sure. (e) Traditional and (f) new volume rendering display with mov-
able source of light (TrueVue Philips Healthcare). The arrows points to 

the atrial tissue in between the two discs. Cath, catheter; LD, left disc; 
PFO, patent foramen ovale; RD, right disc
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may be round, triangular, elliptic or irregular. Multiple 
secundum ASDs (Swiss cheese defect) represent a minority 
of all secundum ASD. Larger fenestrated ASD can be imaged 
easily with 2-dimensional transesophageal echocardiogra-
phy and color-flow Doppler; however, smaller interatrial per-
forations, especially within a redundant FO, may not be 
appreciated.

Primum ASD is also called atrio-ventricular septal defect 
and accounts for about 15–20% of all ASDs. Rarely it may 
occur as an isolated lesion, being usually part of the atrioven-
tricular septal defect’s spectrum. Sinus Venosus ASD is rela-
tively rare (5–10% of all ASDs) and is located at the interface 
between the right atrium and the embryologic sinus venosus. 
Such a defect may be located near the superior vena cava 
(SVC) or next to the inferior vena cava (IVC). The defect 
close to the SVC is typically associated with anomalous 
drainage of the right upper pulmonary vein into the right 
atrium or SVC.

The unroofed coronary sinus is the rarest form of ASD 
(<1% of all ASDs). Fenestrations in the roof of the coronary 
sinus allow for interatrial shunt.

With the exclusion of secundum ASD which is correctly 
labeled interatrial septal communication in that the left-to- 
right shunt occurs within the borders of the FO, the remain-
ing ASDs should be labelled as interatrial extra-septal 
communications since the interatrial shunt occurs external 
to the “true” IAS [26]. All types of ASD can be repaired 
surgically. Although, very recently, transcatheter correc-
tion of sinus venous ASD with anomalous drainage, has 
been performed using a covered stent [27], at the time of 
this writing, the only ASD unanimously accepted for per-
cutaneous closure remains the secundum ASD. Thus, this 
chapter will focus on the percutaneous closure of this type 
of ASD.

 Percutaneous Closure

Surgical closure of atrial septal defect (ASD) has been the 
treatment of choice for decades, with excellent results, neg-
ligible mortality and limited morbidity. In 1974, King and 
Mills for the first time closed an ASD using a transcatheter 
approach guided only by fluoroscopy [28]. In 1980, 
Hellenbrand et al. described for the first time the use of 2D 
TEE in addition to fluoroscopy during percutaneous ASD 
closure [29]. In 2010, Perk et al. introduced the use of 3D 
TEE for guiding percutaneous procedures [30]. Following 
this seminal paper, 3D TEE was extensively used before 
and during ASD closure procedures. Intracardiac echocar-
diography (ICE) is purely an intraprocedural imaging tool, 
does not require general anesthesia and is particularly well 

suited for ASDs closure [31]. However, due to the high cost 
of ICE catheters, and the need of a dedicated machine and 
specific technical expertise by the interventional cardiolo-
gist, this technique is less frequently used than 2D/3D TEE. 
Percutaneous closure of ASD is associated with low com-
plication rates, short anesthetic times, and short hospital-
izations. Moreover, high-volume institutions have reported 
good long-term outcomes using this strategy.

 Diagnosis of Secundum ASD

The diagnosis of secundum ASD is established by 2D/3D 
TTE and TEE. Transthoracic echocardiography assesses the 
type of ASD and its hemodynamic consequences (i.e. shunt 
direction, right heart dilatation, the degree of pulmonary 
hypertension and associated anomalies). However, detailed 
ASD anatomy (i.e. assessment of shape, size, number and 
extension of rims) requires 2D/3D TEE.  In particular 3D 
TEE permits accurate visualization of ASDs using the unique 
“en face” perspective either from the left or right atrial per-
spective (Fig. 27.8).

 ASD Size and Rims

Proper ASD sizing is essential for percutaneous closure. 
Accurate percutaneous device size selection avoids compli-
cations such as incomplete defect closure or device emboli-
zation (due to implantation of an undersized closure device) 
or disc erosion into surrounding cardiac structures (due to an 
oversized closure device). In general, the maximum diameter 
of a secundum ASD cannot exceed the device specific cutoff 
values. In the United States this cut-off is 38 mm, while in 
Europe it is 40-mm when using an Amplatzer atrial septal 
occluder (St Jude Medical, Inc., Little Canada, MN, USA). 
Large ASDs (>38 mm) and septal rim deficiencies remain 
challenging to treat percutaneously and are usually managed 
by surgery. It is important to distinguish between the 
‘unstretched diameter’ and the ‘stretched diameter’ mea-
sured intra-procedurally using a balloon sizing technique. 
This technique consists of gradually inflating a sizing bal-
loon placed across an ASD until no color Doppler flows 
across the ASD. Device selection is based on either the mea-
sured stretched diameter or by adding 6–8  mm to the 
unstretched diameter. It is also important to understand that 
the ASD orifice changes its shape and size throughout the 
cardiac cycle with the maximum ASD diameter occurring 
during ventricular systole. 3D TEE imaging allows for deter-
mination of a true maximum unstretched diameter. Sizing 
may be done directly on volume rendered 3D TEE images or 
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Fig. 27.8 3D TEE images of secundum atrial septal defect (ASD) of different sizes and shapes from left (a, c, e) and right (b, d, f) atrial 
perspectives
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on multiplanar reconstruction images (Fig. 27.9). It must be 
emphasized that using a single diameter of the defect to 
choose the appropriate device size is not recommended 
because ASDs are usually not rounded structures. Thus, 
assessing at least two diameters is recommended for proper 
device sizing. In this respect, 3D TEE is the best imaging 
technique for clarifying the anatomic features of ASD.

ASD rims should be of sufficient length for secure anchor-
ing of the closure device. Secundum ASDs have six distinct 
rims listed in a clockwise direction from a left atrial perspec-
tive as follows: Superior vena cava rim, posterior-superior 
rim (right upper pulmonary vein rim), posterior-inferior rim, 
inferior vena cava rim, atrioventricular rim and aortic (ante-
rior) rim (Fig. 27.10). ASD devices require a rim length of at 
least 5 mm, with the exception for the aortic rim for which a 
length of 2 mm is sufficient for firm anchorage. Absence of 
inferior-posterior rim is considered a contraindication for 
percutaneous closure.

 Devices and TEE Procedural Guiding

The most frequently implanted devices consist of a mesh 
covering opposable double discs (Amplatzer, AGA Medical 
Corporation, Plymouth, Minnesota), a helix spiral occluder 
(Helex, W. L. Gore & Associates, Inc., Flagstaff, Arizona), or 
2 square umbrella-like spring frames (STARFlex, Inc., NMT 

Medical, Boston, Massachusetts). The Amplatzer was the 
first device used. A waist with a thickness of 3–4 mm (which 
roughly corresponds to the thickness of the atrial rims) con-
nects the disks. The size of the device is determined by the 
diameter of the waist, which may range from 4 to 38–40 mm. 
The two discs extend radially, several mm (12 mm) beyond 
the diameter of the waist, to provide a firm anchorage. This 
was the first device approved by the FDA in 2001 followed 
by the helix spiral occluder in 2006.The use of 2D/3D TEE 
requires general anesthesia (although some institutions use 
TEE under propofol-induced deep sedation without endotra-
cheal intubation). Traditionally, ASD closure requires the 
defect to be sized using a balloon catheter. The balloon cath-
eter is advanced over the wire under fluoroscopy and TEE 
control and placed across the defect. The balloon is then 
inflated until the left-to-right shunt is blocked as observed by 
2D TEE color Doppler (balloon stop-flow). ASD diameters 
are then measured by means of both echocardiography and 
fluoroscopy imaging, at the level of indentations made by the 
defect rims. Though balloon sizing is effective, in certain 
cases, it may overestimate the size of the ASD if the balloon 
is overstretched, which may lead to device oversizing. 
Device oversizing may increase the risk of erosion. Thus, it 
is not surprising that, in most institutions, a sizing balloon is 
no longer used, and measurements are made on the 3D TEE 
images. Once the device has been selected, the catheter with 
the device is advanced in the sheath into the mid left atrium. 

e f

Fig. 27.8 (continued)
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Fig. 27.9 Multiplanar reconstruction (MPR) showing (a) the bi-caval and aortic (b) diameters. (c) Same diameters measured from an “en face” 
perspectives using MPR (thick slices) and (d) 3D volume rendering format. AO, aorta; SVC, superior vena cava

The left disk is then expanded and pulled back to the left side 
of the septum (so that the connecting waist remains across 
the defect); at this point, the right disk is expanded in the 
right atrium, abutting the right side of the septum. After a 
pull-push maneuver that confirms that it is firmly anchored, 
the device is released (Fig. 27.11).

 Complications

Transcatheter ASD closure is associated with all the risks 
inherent to any interventional cardiac catheterization  procedure 
such as the risk of contrast dye reactions, vessel or cardiac per-

foration, and infections. Device embolization is the most fre-
quent complication, occurring in 0.5% of the procedures [32]. 
Causative factors can be an undersized device, inadequate rim, 
malposition during the “push-pull” maneuver, or excessive ten-
sion on the delivery cable during device deployment [33]. In 
the majority of cases the device embolizes into the main pul-
monary artery within the first 24 hours after the procedure and 
may be retrieved using a transcatheter approach in a majority of 
cases [34]. However, surgery is required when the transcatheter 
approach fails. Thus, although percutaneous closure of ASD 
appears as one of the simplest percutaneous procedures, with a 
short learning curve, operators must be prepared to retrieve the 
embolized device. Atrioventricular block, atrial fibrillation and 
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Fig. 27.11 (a–d) Sequential still images in multiplanar reconstruction (MPR) and in (e–h) volume rendering format showing percutaneous clo-
sure of an ASD. LD, left disk; RD, right disc

Fig. 27.10 3D TEE image of 
a secundum ASD showing the 
six distinct rims listed in a 
clockwise direction from a left 
perspective: SVC rim, 
posterior-superior rim (RUPV 
rim), posterior-inferior rim, 
IVC rim, atrioventricular rim 
and aortic (AO, anterior) rim 
(see text). AO, Aorta; IVC, 
inferior vena cava; SVC, 
superior vena cava; RUPV, 
right upper pulmonary vein; 
MV, mitral valve
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flutter may complicate ASD closure, especially in patients with 
history of previous arrhythmias and age >50 years at the time 
of ASD closure. While the incidence of AV block is low, occur-
ring in 0.3% of patients, atrial arrhythmias, in particular atrial 
fibrillation, may increase post-closure [35]. In these patients, 
pulmonary vein isolation (PVI) or closure of the left atrial 
appendage (LAA) may be a necessary percutaneous treatment. 
However, the presence of a septal device makes septal crossing 
and/or subsequent catheter manipulation in the left atrium chal-
lenging. Although trans-device crossing is from time to time 
possible, enlarging the mesh of the device with an angioplasty 
balloon [36], device dislodgment or tearing of the interatrial 
septum tissue remain the major risks when performing this 
maneuver. The incidence of thrombus formation on the device 
is low, although significant differences between devices have 
been noted. The Amplatzer device seems to be the least throm-
bogenic. Atrial fibrillation and persistent atrial septal aneurysm 
after transcatheter closure are significant risk factors for throm-
bus formation. In most patients, the thrombus resolves on med-
ical therapy without clinical consequences [37]. Device erosion 
through the atrial wall into the aorta or pericardial space (car-
diac erosion) is a rare (0.1–0.3% of all Amplatzer device 
deployment world-wide) but serious adverse event. This com-
plication may be fatal if not promptly recognized with a mor-
tality rate as high as 20% [38]. Device-related erosion may, in 
fact, cause pericardial effusion /tamponade, atrial-aortic fistula 
and perforation of atrial wall. In the majority of cases, aortic 
erosion occurs within 24 h after device deployment although 
erosion years after atrial septal occluder implantation has been 
reported [39]. A particular concern arises from the fact that 
there are no definite identifiable risk factors and the etiology 
seems to be multifactorial including device size, rim deficiency, 
septal malalignment and patient factors. Recommendations 
include: (a) avoidance of overstretching the defect during bal-
loon sizing; (b) avoidance of oversizing the device to avoid 
straddling of the aorta, and (c) identifying patients with a large 
aortic root [40]. In such patients, echocardiographic follow-up 
at 24 h, and 6 and 12 months is mandatory.

 Closure of LAA

 Introduction

Atrial fibrillation (AF) is among the most common arrhyth-
mias, with a prevalence of 0.4–1% in adults <55 years old, 
7.2% in patients up to 65 years, and 10.3% in octogenarians’ 
[41]. AF is the second most common cause of stroke and the 
LAA the most common site of thrombus formation in patients 
with AF who have experienced stroke [42]. The combination 
of low flow LAA velocities, commonly seen in patients with 
AF, and the heavily trabeculated LAA morphology, generates 
a “perfect” milieu for blood stasis and thrombus formation. 
The risk of stroke is five time higher in patients with non-

rheumatic AF and 17 times higher in patients with AF and 
mitral stenosis. Currently, oral anticoagulation with direct oral 
anticoagulants (or vitamin K antagonists if DOACs are contra-
indicated) are the treatment of choice for the prevention of 
systemic and cerebral thromboembolism in patients with non-
rheumatic AF [43, 44]. Despite their proven efficacy, a signifi-
cant percentage of patients with AF have absolute or relative 
contraindications to anticoagulant therapy such as high bleed-
ing risk, poor drug compliance, drug interactions, and cost. 
The rationale for LAA surgical or percutaneous closure as 
non-pharmacological alternatives to anticoagulation is there-
fore based on the following four incontrovertible facts: (a) AF 
causes stroke; (b) thrombi are located in the LAA in the vast 
majority of cases; (c) the risk of thrombus embolization from 
the LAA is high and (d) patients with AF may have contrain-
dications to anticoagulant therapy [45, 46]. In the ensuing 
paragraphs, we discuss in detail the physiology and the com-
plex anatomy of the LAA, the LAA closure devices used, pre-
procedural and intraprocedural assessment, and finally, 
procedural and post-procedural complications.

 Physiology of LAA

Described as the most lethal appendix of our body, for a long 
time the LAA has been considered just a dormant embryologi-
cal remnant and its role in hemodynamics and in volume 
homeostasis clinically and scientifically underappreciated [47]. 
Yet, the LAA is an active contractile chamber that augments left 
ventricular filling in late diastole. In sinus rhythm, it has a char-
acteristic biphasic pattern of emptying (a first passive phase in 
protodiastole and a second active phase during left atrial con-
traction) and a prominent monophasic pattern of filling. 
Moreover, the LAA is a more compliant chamber than the body 
of the LA, and thus functions as an important reservoir or 
decompression chamber in case of high left atrial pressure or 
volume overload. Volume homeostasis is due to specialized 
endothelial cells within the LAA wall that produce and release 
either atrial natriuretic peptide (ANP) or B-type natriuretic pep-
tide (BNP). In healthy hearts, the concentration of natriuretic 
hormones in the LAA is 40 times higher than in any other heart 
cavity. The secretion of these peptides is continuously modu-
lated by means of stretch-sensitive receptors that respond to 
appropriate mechanical or neuroendocrine stimuli. Experimental 
studies in animals suggest that the LAA may also mediate thirst 
in a hypovolemic state. There are few data regarding the short 
and long-term effects of percutaneous LAA closure. 
Immediately after LAA occlusion, an increase in ANP and 
BNP levels (likely due to LAA stretching by introduction of the 
closure device) has been described with normalization within 
24 hours. Other studies showed that after few months, ANP and 
BNP levels are comparable with those of normal individuals. 
The clinical utility of measuring ANP or BNP levels before or 
after LAA closure remains to be established, however.
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 Anatomy of Left Atrial Appendage

The LAA is the embryological left atrium (LA) and develops 
during the third week of gestation. The remaining smooth 
walls of the adult LA develop weeks later and are formed by 
an outgrowth of the pulmonary veins. The complete develop-
ment of the LA occurs approximately at day 50 of the fetal 
life. The different embryology explains the morphological 
differences between the LAA and the remaining atrial struc-
ture: while the LAA is heavily trabeculated, (though the wall 
between trabeculae is remarkably thin having an average 
thickness of ~1 mm), the atrial body has a thicker wall with 
a smooth endocardial surface. Externally, the LAA extends 
between the anterior and lateral walls of the left atrium and 
its tip usually points antero-superiorly partially covering the 
right ventricular outflow tract (or the pulmonary trunk), and 
the left main coronary artery (or the circumflex artery). 
However, it is not uncommon to find the tip of the LAA 

directed laterally and backward. When viewed from an inter-
nal perspective, which is best obtained with 3D TEE (or 
observing an anatomic specimen from within the atrial cav-
ity), the orifice of the LAA (i.e. the junction of LAA with the 
body of LA) is readily visible. In the normal adult heart, this 
orifice is almost oval-shaped, and it is located close to the left 
lateral ridge (LLR) also known as the Coumadin or warfarin 
ridge, the circumflex artery, the vestibule, (i.e. the outlet part 
of LA surrounding the mitral valve) and the right pulmonary 
artery (Fig. 27.12, panel a and b). The general aspect of the 
LAA is that of a relatively flat tubular “cul de sac” structure 
with an orifice, a body and peripheral lobes. However, its 
shape is extremely variable and this unique variability distin-
guishes each LAA from any other as a kind of fingerprint. 
Nevertheless, based on images provided by CT, the LAA 
may be roughly divided into four types creatively called: 
“cactus,” “chicken wing,” “windsock” and “cauliflower,” 
[48]. The cactus morphology is composed of a dominant 

a
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Fig. 27.12 (a) 3D TEE illustrating the internal surface of the left atrium 
and the spatial relationship of the left atrial appendage (LAA) to the left 
lateral ridge (LLR), left upper pulmonary vein (LUPV), right pulmonary 
artery (RPA), vestibule, and mitral valve (MV). (b) CT Multiplanar 
reconstruction showing the LAA and its spatial relationship to surround-
ing structures. (c) CT volume rendering showing the cactus morphology 
characterized by a dominant central lobe (CL) with secondary lobes 

extending from the CL in various directions. (d) The chicken wing mor-
phology characterized by a sharp angulation within the body (black dot-
ted line) with a thick and prominent pectinate in the middle of the LAA 
(arrow). (e) Windsock morphology with one dominant body (asterisk) 
and several secondary and tertiary lobes. (f) The cauliflower morphology 
has the most complex appearance, with many lobes and without a recog-
nizable body. LCx, left circumflex coronary artery
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central body with secondary lobes extending in both superior 
and inferior directions. The chicken wing morphology is 
characterized by a sharp angulation of the LAA body with a 
thick and prominent bend in the middle and absence of 
peripheral lobes. The windsock morphology presents one 
dominant body with several secondary and tertiary lobes. 
Finally, the cauliflower morphology is composed of many 
lobes without a central body. It has been suggested that 
patients with “non-chicken” wing morphology are signifi-
cantly more likely to experience stroke than patients with 

chicken wing morphology [48], (Fig. 27.12, panel c–f). This 
is not surprising since LAAs with numerous lobes have 
lower LAA velocities, and, consequently, are more subject to 
blood stasis, thrombosis and eventually stroke.

In the most complex morphologies, the internal surface 
of the LAA is usually lined by a network of several ridges 
of muscular tissue, known as pectinate muscles (PMs) of 
different size, shape and thickness, often arranged in 
whorl-like fashion (Fig. 27.13a and b). Some PMs have a 
bizarre appearance that can be mistakenly diagnosed as 

Fig. 27.13 (a and b) 2D and 3D TEE showing the complex morphol-
ogy of the LAA with network of several ridges of muscular tissue 
(called pectinate muscles) of different size, shape and thickness. (c and 
e) Cardiac MRI cross section in two-chamber view, showing the par-
ticular anatomic arrangement of the left lateral ridge (LLR). (d and f) 

magnified images of the structure in the red box of panels c and e. In 
panel d it is evident that the LLR is actually an infolding of the atrial 
wall (arrow) separating the LAA from the left upper pulmonary vein 
(LUPV). (d and f) These images show the LLR ending with a bulbous 
(Q-tip sign or Coumadin ridge)
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c d

F. F. Faletra et al.



325

thrombi. The LLR is a band-like embryological remnant in 
the LA between the orifices of the LAA and left superior 
(upper) pulmonary vein. This protuberance is not a simple 
muscular ridge, as it might look at first glance, but rather 
an enfolding of the atrial wall, filled with epicardial adi-
pose tissue, small vessels and nerves [49] (Fig. 27.13c–f). 
Among vessels, particularly relevant are: a) the artery to 
the sinus node that, when originating from the circumflex 
artery, runs through this enfolding, and b) the oblique vein, 
which is located on the epicardial surface of the LLR. This 
vein is the embryological remnant of the left superior vena 
cava which if persistent descends obliquely on the back of 
the left atrium and drains into the coronary sinus, but in 
some individuals it becomes a fibrous ligament. Of note, 
the oblique vein/ligament contains muscle bundles 
(Marshall bundles) that directly connect to atrial myocar-
dium and coronary sinus muscle sleeves. These muscle 
structures may become a source of triggers for AF, and 
may form a substrate for reentry [50]. For this reason, 
electrophysiologists call the LLR the “ligament of 
Marshal”. Frequently the enfolding is almost virtual, tak-
ing the appearance of a single ridge, but in some cases this 
folding of the atrial wall is relatively large and can be eas-
ily appreciated (especially by CMR, see Fig. 27.13c and 
d), and in others, the LLR ends with a bulbous filled with 
adipose tissue (see Fig.  27.13e and f). Because this bul-
bous morphology resembles a cotton-tip applicator, it is 
known as the “Q-tip sign”, which was mistakenly diag-
nosed as a thrombus in the early days of TEE. This misdi-
agnosis explains the name of Coumadin ridge adopted by 
echocardiographers.

 Preprocedural Assessment

The preprocedural assessment consists of (a) ruling out LAA 
thrombus; (b) providing detailed characterization of LAA 
anatomy and (c) measuring the LAA orifice and depth. Both 
TEE and CT are well suited for pre-procedural imaging.

Ruling Out Thrombus TEE is the current gold standard to 
rule-in/out LAA thrombus. Because TEE and fluoroscopy 
are the imaging techniques used for guiding the closure of 
LAA, it has been suggested that TEE can be performed 
directly in the cath-lab just before the procedure, avoiding 
preprocedural investigations with the associated costs. 
Although apparently cost-effective, the strategy of ruling-out 
“on the table” LAA thrombus and/or an unsuitable anatomy 
for closure could lead to last minute procedure cancellation, 
carrying the additional costs of general anesthesia, nursing 
coverage, and laboratory time. Using a specific protocol, (i.e. 
delayed imaging, dual-enhanced scan, prone positioning, 
dual energy source), CT is also utilized to rule-in/out 
thrombi. Advantages of CT, include noninvasive acquisition 
and high spatial resolution. Overall sensitivity ranges from 
93 to 100% and specificity from 85 to 92%. Therefore, CT 
has an excellent negative predictive value for LAA thrombus 
detection and it is generally considered an ideal ruling-out 
technique. In addition, CT can help in selecting the most 
appropriate fluoroscopic projection during the procedure. 
Finally, whenever necessary CT may also be used to rule in/
out coronary artery disease. Unfortunately contrast iodine 
administration, radiation exposure, restricted availability and 
costs still slow down its widespread use (Fig. 27.14).

e f

Fig. 27.13 (continued)
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Fig. 27.14 (a, b) 2D TEE and (c, d) 3D TEE images of LAA showing 
a thrombus (arrow) in the LAA; (e, f) CT scan multiplanar reconstruc-
tion showing lack of complete filling of the LAA by contrast indicative 

of thrombus (asterisk). The curved dotted lines mark the wall of the 
LAA. LAA, left atrial appendage
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Fig. 27.14 (continued)

Fig. 27.15 (a–b) Two views of the left atrial appendage (arrows) using GlassVue (Philips Healthcare). Used with permission from Philips. All 
rights reserved 

a b

 Detailed Characterization of LAA Anatomy
Detailed characterization of the shape of the LAA body and 
orifice is relevant for device selection. The presence and 
location of angulation, bifurcation into lobes, and thick pec-
tinate ridges, can influence either the site of device implanta-
tion or device selection. Simulations of how the device fits 
within the LAA anatomy may help in choosing the optimal 
device. However, the effectiveness of an “envisioning fit” 
when a 3D structure is projected onto a 2D screen is ques-
tionable. Indeed, interventional cardiologists may have dif-
ferent visual spatial perceptions and a 3D image projected on 
a 2D screen might not be interpreted in the same way by 
different observers. A 3D-printed model of LAA anatomy, 

with its size, shape, length and lobulations, may help to sim-
ulate operative procedures prior to LAA occlusion, choosing 
the right size of the occluder and optimal depth for its release 
(see Chap. 36). A “personalized” 3D printed model may also 
assist in predicting the potential instability of the occluder 
and peri-device leaks. By allowing shapes and boundaries of 
structures to be more easily seen, recently introduced 
GlassVue (Philips Healthcare) may provide better insight 
into the anatomy of the LAA (Fig. 27.15).

LAA Measurements Correct sizing of the device requires 
accurate LAA measurements. When using 2D TEE, the 
probe should be positioned at the mid-esophagus and the 
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LAA scanned from 0–135°. Measurements should be taken 
in at least four angles (suggested angles in literature are 0°, 
45°, 90° and 135°). However, the above-mentioned angles do 
not always correspond to a clear and measurable image of 
the LAA. 3D TEE, using multiplanar reconstruction (MPR), 
may provide a countless number of angles, from which the 
operator can choose the most informative images and angu-
lations (Fig. 27.16a–f). Using CT, images of the LAA should 
be acquired with oblique MPR.  Proximity to surrounding 
structures such as the LLR, the left upper(superior) pulmo-
nary vein (LUPV) and the mitral annulus, should also be 
assessed. The measurements for the LAA ostium and LAA 
depth needed for proper device positioning are device- 
specific and should follow the manufacturer instructions. As 
a general rule the “landing zone” is the site within the LAA 
where the body of the device should be deployed. For the 
WATCHMAN device, appropriate device sizing is deter-
mined by the LAA landing zone diameter which is measured 
from the circumflex artery to 1–2 cm distal to the LA tip of 
the LLR while the LAA depth is measured from the landing 
zone to the apex (tip) of the LAA. For the Amplatzer Amulet 
device, the diameter of the landing zone is measured 
10–12 mm inside the orifice (below the circumflex artery), to 
the LLR. Importantly, all measurements on 2D TEE should 
be taken at end of ventricular systole. 3D TEE can visualize 
the shape of the LAA ostium in an “en face” perspective. Our 
group demonstrated that measurements of LAA orifice area 
provided by 3D TEE closely matched the CT measurements 
(considered the Gold Standard), while 2D TEE significantly 
underestimated LAA dimensions and orifice size [51]. 
Measurements on CT should be performed during late atrial 
diastole when the LAA dimension is largest. Using MPR, an 
oblique view of the LAA ostium is selected where the cir-
cumflex artery, the LLR, and the LAA are well shown. Two 
co-axial cross-sectional orthogonal planes, and a third 
orthogonal “enface” view are used to measure dimensions of 
the LAA ostium. The depth of the LAA can be measured on 
MPR or using a maximal intensity projection. Of note, vol-
ume loading is critical to ensure proper measurements. Since 
the LAA is thin-walled and very distensible, measurements 
taken during the procedure under general anesthesia are 
smaller (up to 5  mm less) than those taken in conscious 
patients. As a general rule, the intra-procedural LAA mor-
phology assessment for device sizing is performed only after 
verification that the left atrial pressure exceeds 12 mmHg. In 
cases in whom LA pressure is lower, a saline volume loading 
strategy of 500–1000 ml ensures proper measurements for 
device selection (Fig. 27.16). LAA orifice measurements can 
also be rapidly obtained using 3D Auto LAA (Philips 
Healthcare, Fig. 27.17) available on the most recent Philips 
3D imaging platform.

 Types of LAA Occlusion Devices and Procedural 
Imaging

Currently, two types of devices have been intensively studied 
and are available for LAA percutaneous closure [52]. The 
Watchman device (Boston Scientific, St. Paul, Minnesota, 
USA) consists of a self-expanding nitinol frame covered by 
a thin polyester membrane. Hooks are positioned around the 
mid-perimeter anchoring the device to the LAA. A second- 
generation device, the Watchman FLX, was developed and 
released in order to improve the efficacy and the feasibility 
of the previous device. This device was introduced in Europe 
in a limited fashion after it received CE Mark approval in 
November 2015. In 2016 the device was withdrawn from the 
market due to a higher than predicted device embolization 
rate (3.8%). At the beginning of 2019, Boston Scientific initi-
ated a limited market release of a modified version which 
received CE mark in March 2019. The new generation 
Watchman FLX has a shorter device length (10–20%) and a 
less taper angle to simplify implantation and to fit a wider 
range of patients. Furthermore, the frame of the new device 
is designed to enhance sealing within the LAA and to reduce 
the risk of dislocation and embolization (12 “J” shaped fixa-
tion barbs arranged in two rows). The device typically has to 
be 10–20% larger than the LAA landing zone diameter to 
have sufficient radial forces for stable position. The Amplatzer 
Cardiac Plug is made up of a distal Lobe and a proximal 
Disk connected to each other by a flexible central waist. The 
Lobe has hooks to stabilize anchorage and should be fixed 
within the ‘landing zone’ (approximately 1 cm from LAA 
orifice). The disc fully covers the orifice. The second- 
generation of the Amplatzer (called Amulet) was redesigned 
to be more stable having a stiffer and wider lobe, more hooks, 
and more sizes available. Fluoroscopy and TEE are the pre-
ferred imaging modalities during LAA closure, although in 
some Institutions the LAA is closed under fluoroscopic/
angiographic guidance alone to facilitate the logistics (less 
personnel and no sedation or intubation required). 
Angiography of the LAA is performed in right anterior 
oblique projection searching the best caudal and cranial 
angulations that typically outline the LAA, delineating size 
and lobes. Intracardiac echocardiography (ICE) is gaining 
popularity and has become standard in some institutions, 
given the convenience of minimal sedation and the ability to 
visualize some structures almost invisible to the traditional 
TEE (i.e. coronary sinus). However, for LAA occlusion, the 
main limitations to the widespread use of ICE are: (a) need 
for insertion of a second venous sheath (with an additional 
risk of vascular complications), (b) a limited field of view 
(particularly for 3D imaging), (c) catheter motion within car-
diac chambers (which might provoke transient atrial arrhyth-
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Fig. 27.16 (a–c) 3DTEEmultiplanar reconstruction showing the mea-
surements of LAA for WATCHMAN device and (d–f) for the Amplatzer 
Amulet device. (a–b) The solid yellow line corresponds to the landing 
zone diameter for the Watchman device. (d–e) the grey line corresponds 
to the diameter of the LAA orifice, and the red line to the diameter of 
the“landing zone” for the Amplatzer Amulet device. (g–h) CT oblique 

multiplanar reconstruction showing the corresponding measurements 
for WATCHMAN device, and, (j–k) for the Amplatzer Amulet device. 
The black lines correspond to diameter of the LAA orifice (see text). (c, 
f, i, l) Diameters of the LAA orifice measured by 3D TEE multiplanar 
reconstruction (c, f) and CT oblique multiplanar reconstruction (i, l)
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Fig. 27.17 LAA landing zone orifice measurement using 3D Auto 
LAA (Philips Healthcare). Panel a: 3D Full Volume (FV) of left atrial 
appendage (LAA) with component 2D images. Panels b and c: 
MultiVue of FV in panel a showing alignment of the blue plane with the 

landing zone (b) and landing zone orifice measurements (c). Images 
courtesy of Dr. Sari Padang. Used with permission of Mayo Foundation 
for Medical Education and Research. All rights reserved
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mias) (d) the need for supplemental training for 
interventionalists, who need to manipulate both the delivery 
catheter or the “imaging” catheter in order to obtain “work-
ing” ICE images, and, (e), a dedicated machine and the cost 
of the disposable ICE catheter [53].

The site-specific transseptal puncture for LAA closure is 
in the inferior-posterior portion of the fossa ovalis (FO), 
which permits a coaxial engagement of the main body, min-
imizing the risk of perforation. Once LA access is obtained, 
a guide catheter is advanced to engage the LAA.  The 
deployment of the device, a pull-push maneuver (which 
assures that the device is firmly anchored) and the with-
drawal of the delivery system are usually 2D/3D TEE 
guided (Fig. 27.18).

As described in the paragraph on PFO/ASD closure, 
fusion technology, that merges 2D/3D TEE images within 
the fluoroscopic silhouette in a kind of Hybrid image, should 
facilitate the navigation of catheter and device deployment, 
hopefully reducing the time of x-ray exposure and overall 
facilitating the procedure (Fig. 27.19).

 Procedural and Post-Procedural Complications

There are four potential major procedural or post-procedural 
complications: pericardial effusion/tamponade (PE/PT), 
peri-device leak (PDL), device embolization (DE) and 
device-related thrombosis (DRT).

Pericardial Effusion (PE)/Pericardial Tamponade 
(PT) This is a rare but serious complication following left 
atrial appendage closure. The rate of PE/PT related to both 
devices is similar ranging from 2.0 to 5.0% of cases [53, 
54]. Intra or periprocedural PE/PT typically occurs as a 
result of perforation of the right atrium, left atrium, and 
LAA due to manipulation of the cardiac delivery system or 
closure device. Cases of more delayed PE/PT may be due 
to penetration of device strut or engagements of the hooks 
into the tissue of the LAA which, as mentioned above, is 
particularly thin and friable between pectinate muscles. 
This mechanism may lead to micro-points bleeding. 
Although sinus rhythm was not identified as an indepen-

c

Fig. 27.17 (continued)
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Fig. 27.18 Step-by-step 3D TEE images showing the deployment of the Amplatzer Amulet device

dent predictor of PE/PT, it may be speculated that the vig-
orous LAA contraction occurring in sinus rhythm may 
exert mechanical force on the device, exacerbating the 
bleeding.

Peri-Device Leak In complex LAA anatomies, a mismatch 
between device size and LAA ostium is not rare, and may 
cause incomplete LAA occlusion with residual peri-device 
leak (PDL) [55]. PDL may be confirmed and sized by mea-
suring the vena contracta on 2D TEE color Doppler. More 

recently, CT has been found to be particularly effective in 
detecting and quantifying PDL. Saw et  al. reported a case 
series of 45 patients treated with both ACP and Watchman, 
whose LAA post-procedure residual PDL rates were assessed 
by CT and/or TEE. This study observed higher sensitivity for 
CT as compared to TEE in the identification of residual LAA 
PDL [56]. TEE, using standard criteria, identified only half 
of the patients in whom LAA PDL was documented by 
CT. By measuring Hounsfield units (HU) in the LAA distal 
to the device and comparing the contrast density with sur-
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Fig. 27.19 Step-by-step “fused images” showing the deployment of the Amplatzer Amulet device. LAA, left atrial appendage

rounding cardiac chambers, a value <100 HU has been 
reported to suggest an occluded LAA on CT [57].

The prognostic significance of PDL remains a controver-
sial issue, however. Criteria to classify the size of the residual 
leak vary according to the device used (<3  mm for the 
Watchman occluder and <5 mm for Amplatzer occluder) but 
they are still arbitrary. Indeed, the clinical significance of 
these cut-offs is poorly supported by evidence. Most of the 
published studies did not detect any association between the 
above-mentioned cut-offs and clinical events. Notably, study 
protocols have mandated the continuation or re-institution of 
OAC therapy in all cases where a PDL > 5 mm was observed 
at TEE, either at the end of the procedure or during follow-
 up. Therefore, it remains highly probable that the risk associ-
ated with the presence of a leak has been mitigated by 
concomitant OAC therapy. Furthermore, there is some evi-
dence that PDL may be dynamic in nature, which can also, at 
least partially, explain why the assessment of leaks early 
after the procedure may not be entirely predictive of long- 
term success. Thus, the reasoning that complete sealing after 
percutaneous occlusion of the LAA is better than any degree 

of leak still remains only intuitive with lack of evidence. 
Consequently, closure of PDL with another device appears 
not to be justified, even if technically feasible.

Device Embolization Device embolization is rare ranging 
between 0.6 and 0.7% of cases, yet it may become a 
 life- threatening complication [58]. Causes for device migra-
tion include incorrect sizing, suboptimal placement, and vig-
orous pull-push testing. Embolization occurs mainly in the 
periprocedural period but late embolization has been 
described. The location of the embolized device is a major 
determinant of recovery. Embolization into the aorta or the 
left atrium can be successfully managed by percutaneous 
techniques in most cases without surgical intervention [59]. 
Device embolization into the LV has a high risk of entrap-
ment in the sub- valvular mitral apparatus and often requires 
surgical retrieval, increasing the procedure-related morbidity 
(Fig. 27.20).

Device Related Thrombosis (DRT) Incidence of DRT has 
been reported to be 3–7% with an average threefold increased 
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Fig. 27.20 (a–c) “Free” floating LAA occlusion device that embolized 
into the left atrium seen with 2D TEE, 3D TEE and fused imaging 
respectively (arrows). (d) Retrieval of the device (white arrow) with the 
snare endovascular catheter (yellow arrow). (e–g) Sequential still 

images of the passage of the LAA occlusion device (red arrow) through 
the atrial septum. (i) The LAA device in the iliac vein (yellow arrow) 
for retrival

risk of stroke or systemic embolism [60, 61]. The risk of 
DRT is higher among those patients with larger left atrial 
appendages, a history of stroke or transient ischemic attack, 
permanent AF, lower ejection fraction and vascular disease. 
Some cases may be also related to procedural characteristics 
such as deep implantation, that may leave an uncovered area 
of the LAA. In such a case, periodic transesophageal echo-
cardiography should be considered, and effective anticoagu-

lation should promptly be resumed until the thrombus 
disappears. Aggressive TEE surveillance and oral anticoagu-
lant/antiplatelet strategies have not been shown to be associ-
ated with any proven clinical benefits, however. Therefore, 
implementation of dedicated strategies in these patients 
remains speculative and should be individualized 
(Fig. 27.21).
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Fig. 27.21 Device (D) -related thrombus in 2D (a) and 3D (b) TEE (arrows)
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Ventricular Interventions
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 Ventricular Septal Defects

The main indications for ventricular septal defect (VSD) clo-
sure are (1) a hemodynamically significant shunt (QP: 
QS > 1.5:1), (2) left ventricular (LV) volume overload, and 
(3) history of bacterial endocarditis. Surgical closure, 
remains the mainstay of treatment for most VSDs, but carries 
some risks such as, valve injury, bypass related myocardial 
injury, complications related to damage of the atrio- 
ventricular (AV) node or His bundle with complete AV block, 
and postoperative infections. Moreover, some defects cannot 
be adequately closed without a ventricular incision. In 
selected patients with suitable morphology, percutaneous 
catheter-based closure has emerged as an acceptable alterna-
tive to surgery for congenital (typically musclar or perimem-
branous), and traumatic or post infarction ventricular septal 
defects [1]. Indeed, when compared to surgery, transcatheter 
closure when feasible has (a) comparable success rate with 
lower risk of complications and infections, (b) avoids ster-
notomy and cardiopulmonary bypass, (c) is associated with 
less pain, and shorter hospital stay [1].

Accurate assessment of defect size, location, and resultant 
ventricular changes therefore, is critical to the management 
of ventricular septal defects (VSD) including surgical versus 
percutaneous closure. A major limitation of 2D TEE is 
assessment of VSD size and morphology which is often 
irregular and that can assist in selection of the appropriate 
transcatheter occlusion device [3]. With 3D TEE, enface 
views of the entire VSD and surrounding structures from a 
single acoustic window is feasible [2] (Figs. 28.1, 28.2 and 
28.3). Moreover, the VSD and its rims, critical for percutane-
ous closure considerations, can be viewed from both the left 
and right ventricular perspectives (Figs.  28.1, 28.2, and 
28.6). Live 3D zoom mode with a biplane preview screen is 
useful to adjust sectors to include precisely the region of 
interest, and 3D volumetric data can be rotated and cropped 
until the VSD is in a proper en-face view (Fig. 28.1), and 
then the defect area (or long and short dimensions) can be 
manually traced in the 2D space using multiplanar recon-
struction. In addition, live 3D color Doppler acquisition 
superimposes flow information on top of the 3D volumatric 
dataset which reveals the interventricular shunt flow direc-
tion and amount, though with a frame rate significantly lower 
than without color Doppler. Siemens’ hemispheric 3D Color 
flow analysis package can be used for the measurement of 
flow volumes.

Assesment of adjacent vital structures can also provide 
invaluable information regarding feasiblity of VSD closure 
and potential complications. An important consideration for 
perimembraneous VSD is the minimal distance between the 
aortic valve leaflets and the defect so that the device does not 
compromise aortic valve function [4]. This measurement on 
2DE is highly dependent on orientation of the tomographic 
slice and is facilitated on 3DE [4]. It is also important to 
show the relationship of the VSD to the tricuspid valve.

2D/3D TEE and fluoroscopy are the usual imaging tech-
niques for guiding percutaneous VSD closure. Although 
early results showed that catheter-based closure was techni-
cally feasible, complications in the form of device emboliza-
tion or residual shunt were not rare. The main reason was 
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Fig. 28.1 A ventricular sepal defect (arrow) in 2D transthoracic short 
axis view (a), and in 3D rendered view from the right ventricle (RV) 
perspective (b). Biplane imaging (c) reveals two simultaneous orthogo-
nal planes that are focused on the defect, (d) Measuring defect dimen-

sions and tracing defect area using MPR.  Used with permission of 
Mayo Foundation for Medical Education and Research. All rights 
reserved. LV, left ventricle; MPR, multiplanar reconstruction; RV, right 
ventricle

Fig. 28.2 3DE of post infarction VSD: (a and b): 2D TEE transgastric 
views showing an inferior septal defect (a, arrow) and left to right flow 
through the VSD on CFD (b, arrows). (c and d): 3D TTE views of same 
VSD from RV (c, arrows) and LV (d, arrows) perspectives. Yellow 
arrows point to parallel cropping of ventricular septum. Note that the 
shape and dimensions of the VSD are better appreciated on 3DE, and on 
line calipers can be used to measure the VSD dimensions. (e): 

Intraoperative 3D TEE view of the same VSD from RV perspective 
(white arrows). (f and g): Intravenous saline contrast injection shows 
opacification of the RV (f) followed by the LV (g, arrow). (h): 
Intraoperative image of the VSD from RV perspective (arrows). Used 
with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved. CFD, color flow Doppler; LV, left ven-
tricle; RV, right ventricle; VSD, ventricular septal defect

a b
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Fig. 28.2 (continued)
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absence of devices specifically designed for VSD closure . In 
fact, with the introduction of the Amplatzer device (St Jude 
Medical, Plymouth MN USA) which is made of nitinol wire, 
is self-expandable and with two flat discs linked through a 
central waist, results and outcome significantly improved. 
Current closure devices are designed to meet the wide vari-
ability in site, size and morphology of VSDs. Of note, for 
perimembranous VSD a device with asymmetric discs was 
specifically designed to minimize the incidence of heart 
block. Fig. 28.4 shows closure of a muscular VSD with an 
Amplatzer device, and Fig. 28.5 shows post-procedural clo-
sure of perimembranous VSD documented with CT scan.

Orientation of the occlusion device through the defect can 
be monitored on live 3D TEE (Fig. 28.6) thus obviating the 
need for frequent manupulations to obtain similar informa-
tion using 2DTEE.  It is important to show that the device 
once deployed does not interfere with surounding vital struc-
tures such as the aortic or tricuspid valves. Apposition of the 
left and right ventricular disc to the ventricular septum before 
device release can also be ascertained.

 Intracardiac Fistulas and Pseudoaneurysms

Percutaneous transcatheter closure is now an option for 
patients with left ventricular (LV) psudoaneurysms and 
intracardiac fistulas particularly those at high surgical risk 
[5–7]. The latter includes fistulous communication between 
the left ventricle and left atrium, LV outflow tract and right 
atiurm (Gerbode type defect) and aorta to right atrium or 
right ventricle. 3D TEE allows appreciation of the spatial 
anatomy of pseudoaneurysms and/or intracardiac fistulas, 

and surrounding structures and is very useful in guiding 
and monitoring their closure [5–7] (Figs. 28.7, 28.8, 28.9, 
28.10, 28.11, 28.12, and 28.13). Assessment of size and 
shape of the fistula entry and exit sites can be very useful to 
the  interventional cardiologist. And, intraoperatively, pin-
pointing the origin of an intracardiac fistulous communica-
tion in complex cases may prove very difficult without use 
of 3D TEE (Fig. 28.13). There is typically a “garden hose” 
effect associated with fistula exit sites on color flow 
Doppler.

 3D Echocardiography Guided Right 
Ventricular Biopsy

Right ventricular (RV) endomyocardial biopsy (EMB) is 
routinely used to rule out rejection in post cardiac transplant 
patients and to diagnose specific myocardial disorders such 
as myocarditis or amyloidosis, and the tissue sample is 
obtained from the ventricular septum. Transthoracic echo-
cardiography (TTE) is increasingly used in conjunction with 
fluoroscopy to guide and position the bioptome on the ven-
tricular septum, and to avoid perforation of the right ventri-
cle by keeping the bioptome away from the right ventricular 
free wall and apex. Because of the added depth provided by 
3DE (Fig.  28.14), the ventricular septum is better seen on 
3DE compared with 2DE. 3D transthoracic echocardiogra-
phy (TTE) therefore, has a role in guiding RV EMB particu-
larly when the bioptome is not well seen on 2D TTE or if 
there are other intracavitary devices such as a pacemaker 
lead that may obscure visualization of the bioptome catheter 
on 2DE (Figs. 28.15, 28.16, and 28.17).

a b

Fig. 28.3 (a): 3D TEE CFD of a congenital small muscular VSD (arrow). (b) VSD dimensions. Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved. CFD, color flow Doppler; VSD, ventricular septal defect
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Fig. 28.4 2D TEE sequence of still frame images showing significant 
steps of percutaneous catheter-based muscular VSD closure with an 
Amplatzer device. (a) Image showing the catheter (red dotted line) 

crossing the defect. (b) opening the left disc (white arrow). (c, d) open-
ing the right disc (red arrows), (e, f) the device does not restrict tricus-
pid leaflets opening (e) and closing (f)

a

c d

b
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Fig. 28.4 (continued)

a b

Fig. 28.5 CT scan of post-procedural percutaneous transcatheter closure of a perimebranous VSD with an asymmetric Amplatzer device. The 
device is seen in cross-section in panel a and in “en face”perspective in panel b. VSD, ventricular septal defect
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Fig. 28.6 3D TEE guidance of transcatheter closure of a post infarc-
tion VSD. Top panel: Enface views of the VSD from the LV (a, dark 
blue arrow) and RV (b, arrows) perspectives. Note the irregular shape 
of the defect. White arrows point to the VSD as seen on the orthogonal 
2D views that make up the 3D image, and the yellow arrows point to 
direction from which the VSD is being viewed. Bottom panel (c): wire 

(arrow) in LV through the VSD and (d): LV and RV discs of a fully 
deployed 18 mm Amplatzer septal occluder device (arrows). Used with 
permission of Mayo Foundation for Medical Education and Research. 
All rights reserved. LV, left ventricle; RV, right ventricle; VSD, ven-
tricular septal defect
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Fig. 28.7 LV pseudoaneurysm in a patient with history of MVR by a 
bioprosthesis. Top panel (a): enface 3D TEE LA view showing a large 
cavity adjacent to lateral wall of the LA (white arrows). Yellow arrows 
point to bioprosthesis SR. (b): Enface LV view showing the opening 
(white arrows) into the aneurysm (red arrows) from the LV.  Yellow 
arrows point to the three bioprosthesis struts. Bottom panel (c): Same 
enface LV view after cropping. The narrow-necked channel (green 
arrows) that connects the LV with the aneurysm (red arrows) including 

opening into the aneurysmal sac (white arrow) can be appreciated. The 
findings are consistent with the diagnosis of a pseudoaneurysm. (d): LV 
gram confirming the morphology of the psuedoaneurysm as viewed on 
the 3D enface LV views. Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved. A, anterior; Ao, 
aortic root; AV, aortic valve; I, inferior; L, lateral; LA, left atrium; LV, 
left ventricle; M, medial; MVR, mitral valve replacement; P, posterior; 
S, superior; SR, sewing ring
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Fig. 28.8 Same patient as in Fig. 28.7: Top panel. (a): 2D TEE CFD 
showing the psuedoaneurysm (red arrows) with its LV connection 
(white arrow) and fistulous communication with the LA (yellow 
arrows). The morphology of this complex pathology is not well defined, 
however. (b): Multibeat 3D CFD TEE showing the pesudoaneurysm 
(red arrows) with narrow opening from LV (white arrows) and fistulous 
communication with LA (yellow arrows). Middle panel: Multibeat 3D 
TEE CFD enface LA sequential systolic frames showing the fistulous 
communication from LV (white arrows) through the psudoeanerym 

(red arrows) into the LA (yellow arrows) in early systole (c) and late 
systole (d). Bottom panel. Multibeat 3D CFD TEE enface LV views in 
late systole (e) and diastole (f) demonstrating flow into the narrow pseu-
doaneurysm neck in systole and back into the LV in diastole (yellow 
arrows). Red arrow points to diastolic flow through the prosthesis ori-
fice. Used with permission of Mayo Foundation for Medical Education 
and Research. All rights reserved. A, anterior; AV, aortic valve; CFD, 
color flow Doppler; I, inferior; L, lateral; LA, left atrium; LV, left ven-
tricle; M, medial; P, posterior; S, superior

28 Ventricular Interventions



348
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Fig. 28.9 3D TEE transcatheter guidance of closure of the LV to LA 
fistula shown in Figs. 28.7 and 28.8. Top panel (a): Enface view of the 
psuedoaneursm (red arrows) showing a catheter (green arrows) being 
advanced through the LA into the fistulous opening (dark blue arrows) 
between the psudoaneurysm and LV. (b): Dual layout view showing 
simultaneously the LA and LV segments of the catheter (arrows). 
Middle panel (c and d): Deployment of a 20 mm AVP II beginning with 
the ventricular side of the defect and extended into the left atrial side 
(white arrow) with the body of the device (yellow arrows) within the 
pseudoaneurysm. Green arrows point to the AVP delivery sheath. 

Bottom panel (e): Dual layout showing the LA and LV ends of the 
20 mm AVP (red arrows). Another 12 mm AVP II (white arrows) was 
used to close a medial PPL. (f): 3D LA view CFD showing mild residual 
flow into LA (white arrow) from LV to LA fistula following AVP deploy-
ment. Blue arrow points to the smaller medial AVP. Red arrow points to 
body of the AVP device within the pseudoaneurysm. Used with permis-
sion of Mayo Foundation for Medical Education and Research. All 
rights reserved. A, anterior; AV, aortic valve; AVP, Amplatzer Vascular 
Plug; CFD, color flow Doppler; L, lateral; LA, left atrium; LV, left ven-
tricle; M, medial; P, posterior; PPL, periprosthetic leak
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Fig. 28.10 Aorto to RA fistula. Top panel (a): 2D TEE CFD showing 
fistulous drainage into RA (white arrows). Red arrows point to aortic 
root. (b): 3D TEE FV showing the opening (green arrow) of the fistula 
from the aortic root (red arrows) into the RA. Bottom panel: 3D TEE 
CFD showing continous aorto to RA flow (red arrows) in systole (c) and 

diastole (d). Yellow arrow points to origin of the fistula. Used with per-
mission of Mayo Foundation for Medical Education and Research. All 
rights reserved. AO, aortic root; CFD, color flow Doppler; FV, Full 
Volume; LA, left atrium; RA, right atrium
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Fig. 28.11 LV to LA fistulous communication through a pseudo-
aneyrsm of the basal inferior wall in a patient with a mechanical bileaf-
let prosthesis. (a): 2D CFD showing site of fistulous communication 
(dark blue arrows) between the psudoaneurysm (red arrows) and 
LA. Yellow arrow points to this fistulous flow in the LA. White arrows 
point to the two mechanical prosthesis leaflets. (b and c): 3D TEE 
showing opening of the fistulous communication from the pseudo-

aneyrsm into the LA in systole (b, red arrows) and closure of this fistu-
lous communication in diastole (c). Note the irregular oblong shape of 
the fistula opening. Also note the adjacent LAA ostium that had been 
partially surgically ligated (dark blue arrow). White arrow points to a 
pulmonary vein. Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. CFD, color flow Doppler; 
LA, left atrium; LAA, left atrial appendage; LV, left ventricle
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Fig. 28.12 LV to RA fistula (Gerbode) in a patient status post AVR. 
Top panel (a): 2D CFD shows flow in systole from the LVOT (white 
arrow) to RA (yellow arrow). (b): 3D TEE CFD showing two jets (dark 
blue arrows) in the RA. White arrow points to LVOT and green arrow 
points to a small PFO. Yellow arrow points to mild mitral regurgitation 
and red arrows point to mitral annuloplasty ring. Middle panel (c): 
Cropping confirms the LVOT origin (white arrow) of the fistulous tract 
into the RA (yellow arrow). Green arrow points to the other jet in RA 
but its origin is not yet clear. Red arrows point to MV complete annulo-
plasty ring. (d): Further cropping confirms the LVOT origin (white 

arrow) of both fistulous communications with the RA (yellow arrows). 
Bottom panel (e): catheter in RA (red arrows) negotiating the fisulous 
tract. (f): Trivial residual flow (yellow arrow) into RA from the LVOT 
after percutaneous closure of the fistula with a vascular plug. Used with 
permission of Mayo Foundation for Medical Education and Research. 
All rights reserved. AVR, aortic valve replacement; CFD, color flow 
Doppler; LA, left atrium; LV, left ventricle; LVOT, left ventricular out-
flow tract; MV, mitral valve; PFO, patent foramen ovale; RA, right 
atrium; RV, right ventricle
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Fig. 28.13 Intraoperative 3D TEE in a patient post surgical repair of 
Gerbode-type VSD, aorto to LV fistula, MAIVF pseudoaneyrsm, AV 
perforation, and MVR with a bioprosthesis, secondary to complex 
endocarditis. A residual shunt into the LA was seen on the post bypass 
2D CFD images but the origin of the shunt could not be ascertained. 
Top panel (a): Flow from LV (orange arrow) into LA (red arrows) 
through a pseudoaneurysm (white arrows). Yellow arrow points to LA 
exit site of this complex fistulous communication. (b): 3D TEE CFD 
enface LA view showing the two systolic fistula exit jets (white arrows) 
above the plane of the mitral bioprosthesis SR. Second panel (c): 
Cropping of view in b brings out the pseudoanueyrsm (yellow arrows) 
and fistula exit jets into LA (white arrows). (d): Same image in diastole 
showing the pseudoaneurysm (white arrows). Third panel (e and f): 

3D TEE CFD enface LV views showing that the origin of this complex 
fistulous communication is the VS (white arrows). Bottom panel: 3D 
TEE CFD enface LV (g) and LA (h) views showing a tiny residual 
shunt (white arrows) following closure of the fistula at its origin. Yellow 
arrows point to bioprosthesis SR.  Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. A, 
anterior; AV, aortic valve; CFD, color flow Doppler; I, inferior; L, lat-
eral; LA, left atrium; LV, left ventricle; LVOT, left ventricular outflow 
tract; M, medial; MAIVF, mitral aortic intervalve fibrosa; MV, mitral 
valve; MVR, mitral valve replacement; P, posterior; RA, right atrium; 
RV, right ventricle; S, superior; SR, sewing ring; VS, ventricular sep-
tum; VSD, ventricular septal defect
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Fig. 28.13 (continued)

a b

Fig. 28.14 (a). Apical four chamber view in a patient with dilated car-
diomyopathy showing a thin ventricular septum. (b). 3D transthoracic 
echocardiogram of same 2D view shown in panel a. The entire antero- 
posterior (A-P) depth of the ventricular septum (arrows) can be appreci-

ated. Used with permission of Mayo Foundation for Medical Education 
and Research. All rights reserved. LA, left atrium; LV, left ventricle; 
RA, right atrium; RV, right ventricle

a b

Fig. 28.15 Real time 3D TTE guided RV EMB in a post cardiac trans-
plant patient. (a): Bioptome (arrow) at the basal VS. (b): Bioptome 
(arrow) abutting the RV free wall. EMB, endomyocardial biopsy; LV, 

left ventricle; RV, right ventricle; TTE, transthoracic echocardiography; 
VS, ventricular septum. Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved
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Fig. 28.16 Real time 3D TTE guided EMB in a patient with suspected 
cardiac amyloidosis. Top panel (a and b): 2D apical views showing an 
echogenic moderator band (white arrows) consistent with focal calcifi-
cation. Bottom panel: (c): 3D view of b showing the moderator band 
(white arrow), and bioptome catheter (orange arrow) in RV with its tip 
(yellow arrow) abutting the mid VS. (d): Same 3D in c with component 
orthogonal 2D biplane . Note that the bioptome is not seen in the con-

ventional 2D space (left lower) but is seen in the orthogonal 2D tomo-
graphic plane (right lower). Used with permission of Mayo Foundation 
for Medical Education and Research. All rights reserved. EMB, endo-
myocardial biopsy; CS, coronary sinus; LA, left atrium; LV, left ven-
tricle; RA, right atrium; RV, right ventricle; TTE, transthoracic 
echocardiography; VS, ventricular septum
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Fig. 28.17 Collage of real time 3D TTE during RV biopsy in a patient 
with a ventricular pacemaker lead. (a). Pre procedure image showing 
pacemaker lead (yellow arrow). (b). bioptome (white arrow) is advanced 
into the RV and is anterior to the pacemaker lead (yellow arrow). (c). 
Bioptome (white arrow) is too apical and overlies the pacemaker lead 

(yellow arrow). (d). bioptome (white arrow) is in contact with mid 
VS. Note the proximity to the pacemaker lead (yellow arrow). LV, left 
ventricle; RA, right atrium; RV, right ventricle; VS, ventricular septum. 
Used with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved

28 Ventricular Interventions



357© Springer Nature Switzerland AG 2022
J. F. Maalouf et al. (eds.), Practical 3D Echocardiography, https://doi.org/10.1007/978-3-030-72941-7_29

Edge-to-Edge Mitral Valve Repair

Joseph F. Maalouf and Francesco F. Faletra

 Introduction

Percutaneous transcatheter mitral valve repair (TMVR) 
involves grasping the free edges of the anterior and posterior 
leaflets at site of mitral regurgitation (MR), and is used to 
treat severe symptomatic functional MR or high surgical risk 
patients with degenerative MR.  Currently, the only FDA 
approved device for TMVR is the MitraClip which will be 
the focus of this chapter (for the PASCAL device see Chap. 
34). 3D TEE is very useful in localizing the site of MR and 
for providing accurate assessment of the wide spectrum of 
degenerative mitral valve (MV) disease pathology (see Chap. 
6). 3D TEE is also superior to 2D TEE for detecting mitral 
“clefts” (see Chap. 9), which if associated with significant 
mitral regurgitation (MR) may preclude successful TMVR, 
and for recognizing commissural or paracommissural MR 
(Fig. 29.1; see Chap. 9) generally considered a contraindica-
tion to TMVR because of high risk of entanglement of the 
MitraClip by the sub commissural chordae. Multibeat full 
volume or 3D zoom acquisition (typically 6 beats) may be 
necessary to obtain optimal 3D color flow Doppler (CFD) of 
the entire left atrial (LA) or left ventricular (LV) surface of 
the MV at an adequate frame rate (at least 10 volumes/sec-
ond). Single beat real time high volume rate (HVR) full vol-
ume CFD can be useful in patients with irregular heart 
rhythm, or intra procedurally when time to obtain 3D CFD is 

limited and real time imaging is preferred (see Chap. 3). The 
newest 3D platforms frequently provide adequate single beat 
real time MV CFD volume rates.

 Pre Procedural Planning [1, 2]

A distinct advantage of 3D TEE over conventional 2D TEE 
is the ability to visualize the entire MV and surrounding 
structures from a single transducer position and in real time 
with minimal or no probe manipulation. The images obtained 
reliably reflect actual anatomy in a format that is readily 
appreciated by non-imaging cardiologists. Moreover, 
because the MR jet tends to fan-out in the LA, enface 3D 
views of the MV from the left ventricle (LV) are very useful 
in pinpointing the exact origin of MR, and the shape, width, 
and number of MR jet(s), which may help determine the 
number of clips needed (Fig. 29.2).

In addition to delineating MV anatomy and assessing the 
mechanism of regurgitation, an important objective of 3D 
TEE during the pre-procedural phase of TMVR is to perform 
an imaging “dry-run” in preparation for the actual procedure. 
This serves the dual purpose of choosing the most appropri-
ate image planes to guide the various steps of the procedure 
including optimal views for perpendicular orientation of the 
MitraClip arms to site of leaflet malcoaptation.

Important left atrial (LA) anatomic landmarks during the 
first stages of procedural guidance include the left atrial 
appendage (LAA) and left superior (upper) pulmonary vein 
(LSPV) ostia, and both the free wall and dome of the LA 
because the LSPV serves as a wire anchor, and instrumenta-
tion of the LA by stiff wires and bulky catheters can perforate 
the LA or its thin walled appendage. Imaging of the atrial 
septum and LA with 3D TEE to guide these initial steps of the 
procedure after septal puncture is best achieved from the bica-
val 2D window using real time single beat full volume (FV) 
or 3D zoom. An advantage of FV over 3D zoom is that it 
minimizes the number of steps needed to achieve the desired 
images. This is particularly important because of the need for 
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a b

Fig. 29.1 (a): Schematic of edge to edge MV repair; (b): En face 3D LA view of paracommissural MR (yellow arrow). Used with permission of 
Mayo Foundation for Medical Education and Research. All rights reserved. A, anterior; AV, aortic valve; L, lateral; M, medial; P, posterior

Fig. 29.2 3D FV multibeat CFD of MR (a): Dual layout enface LA 
and LV views. Note that the MR jet has a discrete origin (yellow arrow) 
when viewed from the LV perspective, but fans out in the LA (red 
arrow). Second and third panels: LV views; (b): Discrete central MR 
jet (arrow) in a patient with flail P2 segment. (c): Broad based MR jet 
(arrows) that spans the entire MV coaptation surface in a patient with 

severe FMR. (d): Two separate MR jets (arrows). (e): medial paracom-
missural MR jet (arrow). Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved. CFD, color flow 
Doppler; FMR, functional mitral regurgitation; FV, Full Volume; I, 
inferior; L, lateral; LA, left atrium; LV, left ventricle; M, medial; MR, 
mitral regurgitation; MV, mitral valve; S, superior
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Fig. 29.2 (continued)

rapid switching from 3D to 2D and vice versa intraprocedur-
ally. A 3D image of the atrial septum is first optimized by 
using the lateral width button to include most of the superior 
and inferior septal rims (Fig. 29.3). Enface view of the MV 
and its adjacent structures including the atrial septum and aor-
tic valve is then obtained by leftward (usually counterclock-
wise) rotation of the transducer (Fig. 29.3). The ostia of the 
LAA and LSPV can be viewed simultaneously on further 
leftward rotation of the transducer (Figs. 29.3 and 29.7). With 
rightward (usually clockwise) rotation of the transducer from 
the mitral plane the entire atrial septum including fossa ovalis 
can be seen (Fig.  29.3). Further rightward rotation of the 
transducer tip reveals the most superior aspect (dome) of the 
LA including the right superior pulmonary vein (RSPV) 
(Fig. 29.5). Standard 3D image optimization techniques (low-
est compression and gain settings and use of appropriate 
cropping tools to crop out additional noise artifacts) are used 
to enhance 3D image quality always keeping in mind that 
optimal 3D images require optimal 2D images.

 Intraprocedural Guidance

The first step in TMVR is the transseptal puncture (TSP) 
and biplane or xPlane (Philips Healthcare) is the imaging 
tool of choice to guide this step (Fig. 29.4). The TSP site 
should generally be posterior and mid superior-inferior 
or slightly inferior. And, utilizing the newer generation 
longer clip delivery system (CDS), the TSP should be 
approximately 4.5 cm posterior to the plane of the mitral 
annulus in systole (or 4–6 cm to the leaflets in systole) as 
viewed from the mid- esophageal four chamber window 
regardless of whether the MR is functional or degenera-
tive in etiology in order to provide adequate room to 
maneuver the device within the left atrium; major varia-
tion from this measurement will pose procedural chal-
lenges due to CDS being too high or too low relative to 
the MV plane.

3D TEE may be a useful adjunctive imaging modality to 
guide TSP particularly when the transseptal needle is not 
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Fig.  29.3 Technique for 3D FV acquisition of the MV from a 2D bica-
val view. (a): The MV is partially seen (yellow arrow) on 3D FV of a 
standard 2D bicaval view. Red arrow points to SVC. (b): with leftward 
(counterclockwise) rotation of the probe, the MV (arrows) is better 
exposed. (c): further counterclockwise rotation exposes the entire MV. 
(d): The image is rotated such that the aortic valve is at the top. The 
ostium of the LAA is partially seen (red arrow). (e): with progressive 
clockwise rotation of the probe from the MV view, the entire wall of the 

atrial septum (dark blue arrows) is exposed and there is corresponding 
counterclockise rotation in position of the aortic valve (red arrow). (f): 
The entire thin fossa ovalis (green arrow) can be seen with this maneu-
ver. Yellow arrows point to MV.  Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. A, 
anterior; AV, aortic valve; FV, Full Volume; I, inferior; L, left; LA, left 
atrium; LAA, left atrial appendage; M, medial; MV, mitral valve; P, pos-
terior; R, right; RA, right atrium; S, superior; SVC, superior vena cava
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Fig. 29.4 Top panel: TSP using xPlane (Philips Healthcare). Mid supe-
rior-inferior and posterior tenting of atrial septum by transseptal needle (a, 
arrows) and corresponding images (b) following TSP. Bottom (c): 
Transseptal needle is seen in S-I plane (yellow arrow) but not A-P plane. 
White arrow points to AV. (d): Real time 3D zoom dual RA and LA layout 
during TSP. Yellow arrow points to TS needle in RA, and red arrow points 

to tenting of atrial septum as viewed from the LA (red arrow). White 
arrows point to superior vena cava. Note that the transseptal needle is not 
seen in the corresponding 2D images. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. 
A, anterior; AV, aortic valve; I, inferior; LA, left atrium; P, posterior; RA, 
right atrium; S, superior; TS, transseptal; TSP, transseptal puncture

well seen on xPlane (Fig. 29.4). And, when the desired punc-
ture site is too posterior, visualization may be difficult by 2D 
TEE, whereas 3D TEE may enhance ease of visualization. 
The optimal TSP site can be imaged on 3D TEE of the right 
atrial surface of the atrial septum, and simultaneous 3D of 
the left atrial surface shows tenting of the atrial septum 
(Fig. 29.5). The distance from transseptal needle tenting site 
to plane of the MV is crucial in determining the optimal 
transseptal puncture site. This can be measured from the 
enface left atrial view of atrial septum and plane of the 
MV(Fig. 29.5).

Following the TSP, 2D and 3D TEE are used to help posi-
tion the guidewire, guide catheter, and ultimately the 
MitraClip and delivery system in the left atrium.

3D TEE has been shown to be superior to 2D TEE in 
guiding many of the steps involved in TMVR [1–3] particu-
larly when the MR is not central [4]. Moreover, real time 
enface imaging of the MV and adjoining structures provides 
contextual anatomical guidance during transcatheter inter-
ventions. As with any catheter-based intervention, a major 
prerequisite for use of 3DTEE to guide TMVR is thorough 
knowledge of all types of catheters/sheaths/wires and dila-
tors that are used during the procedure as they may have a 
unique 3D “finger print”.

The actual transseptal puncture can next be viewed 
(Fig. 29.6). Following TSP, a Mullins sheath and dilator are 
advanced over the Brockenbrough needle into the left atrium 
and the needle and dilator are removed (Fig. 29.6).
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Fig. 29.6 (a): Real time 3D zoom dual layout of atrial septum showing actual 
TSP. Red arrow points to tip of Brockenbrough needle and the dark blue arrow 
points to contrast injected into LA. Yellow arrow points to Brockenbrough 
needle delivery system in RA. (b): Real time 3D zoom RA: Mullins assembly 

(yellow arrows) is seen behind fossa ovalis (red arrows). Used with permission 
of Mayo Foundation for Medical Education and Research. All rights reserved. 
I, inferior; L, left; LA, left atrium; R, right; RA, right atrium; S, superior; 
SVC, superior vena cava; TSP, transseptal puncture

a b

Fig. 29.5 Real time single beat 3D views of left side of atrial septum. 
(a): Brockenbrough needle tenting of the atrial septum (yellow arrow) 
is seen superior to the fossa ovalis (red arrows). Dark blue arrow points 
to RSPV and orange arrows point to MV. Green arrow points to CS. (b): 
Distance (dashed yellow line) from site of tenting (red arrow) to plane 

of MV.  Yellow arrows point to flail AML.  Used with permission of 
Mayo Foundation for Medical Education and Research. All rights 
reserved. AML, anterior mitral leaflet; CS, coronary sinus; I, inferior; 
L, left; MV, mitral valve; R, right; RSPV, right superior pulmonary 
vein; S, superior

One or two Amplatz wires are next advanced through the 
Mullins sheath and anchored in the LSPV (Fig. 29.7). Next, 
the Mullins sheath is removed over the Amplatz wire and 
may be replaced by an Inoue septal dilator (see Fig.  29.4, 
Chap. 31) to facilitate delivery of the steerable guide 
cathether (SGC) and clip delivery system (CDS) through the 
atrial septum. A 4F multipurpose catheter may be advanced 
over an Amplatz wire for continuous LA pressure monitor-
ing (Figs. 29.8, 29.10, and 29.11). 3D TEE is an invaluable 
tool to guide all these steps from a single window and with-
out the need for excessive probe manipulation. Unsuitable 

sites for transseptal access include patent foramen ovale 
because of its far anterior location, and atrial septal defects 
because the MitraClip delivery sheath cannot be stabilized 
in the defect and there is increased risk of atrial septal tear.

The SGC is a large sized (24F) sheath with its own dilator 
through which the clip delivery system (CDS) is advanced 
into the left atrium. On 3D imaging it may appear as a tubu-
lar structure with a clear center that is flanked by two linear 
echoes due to railroad-shaped artifact (see Fig. 29.13a, Chap. 
3), and an echo bright radio opaque double ring characterizes 
its tip (Fig. 29.8).
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Fig. 29.7 (a and b): Real time enface LA views of ostia of LAA (dark 
blue arrows) and LSPV (red arrows). White arrows point to the left 
lateral ridge also known as the Coumadin ridge. (c): Amplatz extra stiff 
wire (orange arrows) curling at ostium of LAA. (d): Amplatz extra stiff 
wire (orange arrows) parked inside LSPV (red arrows, c and d).  Yellow 

arrows points to AML and green arrows point to ruptured chordae (b 
and d). Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. AML, anterior mitral leaf-
let; LAA, left atrial appendage; LSPV, left superior pulmonary vein

The SGC is advanced into the left atrium over the 
Amplatz wire that was anchored in the LSPV (Fig. 29.7). 
Advancement of the SGC within the LA can be continu-
ously monitored using 3D TEE and distance of SGC tip 
from septum can be quantified (Fig. 29.8). This avoids inad-
vertent puncturing of the LA free wall. After the SGC is 
safely placed in the LA, its dilator is retrieved first, followed 
by the Amplatz wire.

The MitraClip device consists of two arms, and two grip-
pers used to grasp the opposing free edges of the anterior and 
posterior leaflet, and are readily seen on 3D TEE (Fig. 29.9). 
Both arms and grippers are covered with polyester fabric to 
enhance endothelialization. MitraClip XTR has a 3  mm 
wider arm span than MitraClip NTR intended to improve 
grasping and reach (Fig. 29.9), and both have an improved 
clip delivery system compared with the first generation 
MitraClip.

The CDS is advanced into the left atrium through the 
SGC under continuous fluoroscopic and TEE guidance 
(Fig. 29.10). It is necessary during this step to ensure that the 
tip of the SGC remains across the atrial septum (Figs. 29.8 
and 29.10), and to continuously track the CDS as it is 
advanced within the left atrium to ensure that it remains 
away from the LA free wall and LAA.  Whereas with 2D 
TEE this step requires multiple views in different planes and 
multiple probe manipulations, with 3D TEE enface imaging 
permits visualization and tracking of the SGC and CDS 
within the left atrium. The MitraClip can be seen in real time 
as it advances through and exits the SGC.

In order to position the CDS above the MV, the SGC is 
angled down towards the mitral leaflets using several maneu-
vers (Figs.  29.10 and 29.11). Instead of the frequent probe 
manipulations and multiple views necessary with 2D TEE 
guidance during this step, real time live 3D using either FV or 
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Fig. 29.8 Top panel. (a): SGC (yellow arrows) crossing atrial septum 
(red arrow) from RA. (b): Enface view of SGC with its distinctive double 
ring tip (red arrows), and multipurpose LA pressure monitoring catheter 
(yellow arrow). Bottom panel (c and d): SGC (red arrow) being advanced 
into LA (c) and pulled back towards the atrial septum (d). Dark blue arrow 

points to multipurpose LA pressure monitoring catheter. Green arrows 
point to acoustic shadow artifact caused by the catheters. Used with per-
mission of Mayo Foundation for Medical Education and Research. All 
rights reserved. A, anterior; AV, aortic valve; L, lateral; LA, left atrium; M, 
medial; P, posterior; RA, right atrium; SGC, steerable guide catheter

a b

Fig. 29.9 Enface LA views of the MitraClip. (a): NTR clip with its 
open arms (yellow arrows) and two grippers (orange arrows) in a semi 
open position. (b): XTR clip with its wider arm span (yellow arrows). 

Used with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved. A, anterior; L, lateral; LA, left atrium; M, 
medial; P, posterior

J. F. Maalouf and F. F. Faletra



365

a b

c d

e f

Fig. 29.10 (a–d): Sequential collage of enface real time 3D LA views 
showing angulation of the SGC (red arrow) and MitraClip (orange 
arrow) towards plane of the mitral valve. Yellow arrows point to open 
Mitraclip arms. (e): open Mitraclip arms (yellow arrows) perpendicular 
to A2-P2 as viewed enface from LAA. Red arrow points to SGC. (f): 3D 
TEE MV LA view demonstrating schematic of perpendicular orienta-
tion of the MitraClip arms (blue lines) relative to the curvilinear rela-
tionship of the anterior and posterior leaflets from medial to lateral 

(curved double arrowed red line with the arrows pointing to the medial 
and lateral commissures); orange arrow points to flail P2. * marks the 
IAS. Dark blue arrow in all images points to a multipurpose LA pres-
sure catheter. Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. A, anterior; AV, aortic 
valve; IAS, interatrial septum; L, lateral; LA, left atrium; LAA, left 
atrial appendage; M, medial; P, posterior
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Fig. 29.11 (a and b): Perpendicular alignment of XTR MitraClip arms 
(yellow arrows) in a patient with central MR. Red arrow points to SGC 
and white arrows point to a multipurpose pressure catheter. (c and d): 
Maneuvering a second NTR Mitraclip (yellow arrow) into position in a 
different patient. Red arrow points to SGC. (e): perpendicular align-
ment of second Mitraclip arms (yellow arrows) medial to first Mitraclip. 

Red arrow points to SGC. (f): Ensuring continued perpendicular arms 
(arrows) alignment when MitraClip is advanced into LV by lowering 
overall gain setting. Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved. A, anterior; AV, 
aortic valve; L, lateral; M, medial; MR, mitral regurgitation; P, poste-
rior; SGC, steerable guide catheter
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3D zoom with wide angle acquisition can greatly facilitate this 
part of the procedure as it provides an intuitive en-face view 
(surgeon’s view) of the mitral leaflets and approaching clip. 
Assuring perpendicularity of the open arms of the advancing 
MitraClip to line of malcoaptation is of paramount importance 
and is challenging with 2DTEE, particularly in patients with 
non-central MR (either medial or lateral to A2-P2 scallops or 
paracommissural) [4] because of the curvilinear relationship 
of the anterior and posterior leaflets from medial to lateral 
commissure, but relatively easy with 3D TEE (Fig. 29.10f).

Enface 3D color flow Doppler (CFD) imaging from the 
LA and LV surfaces of the MV using appropriate filter set-
tings can assist in localizing the jet origin, thus facilitating 
proper alignment of the clip arms. 3D TEE can guide medial/
lateral, anterior/posterior repositioning and clockwise or 
counter clockwise rotation of the MitraClip as it is being 
advanced towards the plane of the MV (Figs.  29.10 and 
29.11). Live 3D is also invaluable in guiding placement of 
additional clips when necessary (Fig. 29.11).

Advancing the MitraClip into the left ventricle remains pri-
marily 2D TEE guided. 3D TEE is used to ensure continued 
perpendicularity of the open arms to the line of leaflet malco-
aptation (Fig. 29.11f) because the MitraClip device may rotate 
as it is advanced from the LA to the LVin preparation for leaf-
let grasping. Lowering the overall gain provides a good view 
of the open arms of the MitraClip in the left ventricle and their 
orientation relative to the line of coaptation (Fig. 29.11f). 3D 
TEE color flow Doppler enface views of the MV from the LV 
may also help confirm splitting of the MR jet by the MitraClip. 
Pull back from the LV towards the LA and grasping of the MV 
leaflets remains exclusively a 2D TEE guided step with no role 

for 3D TEE except when proper orientation of the clip arms is 
in question. xPlane can be helpful, however (Fig. 29.12).

Adequacy of tissue grasp is best judged by 2D imaging 
of the partially closed clip but can also be appreciated on 
3D imaging (Fig.  29.13). Leaflet tissue must be seen 
between the clip arms and the grippers. Restricted motion 
of both leaflets must be seen as well, to indicate adequate 
approximation of leaflet edges by the MitraClip. x-Plane/
biplane imaging is very useful during this step. After full 
closure of the MitraClip, it is necessary to assess the mor-
phology of the mitral valve and to determine the severity 
of residual regurgitation and stenosis prior to release of the 
MitraClip. Echocardiographic grading of residual MR 
after MitraClip deployment is very challenging. The pres-
ence of multiple or eccentric jets can lead to underestima-
tion of MR severity by 2D echocardiography (2DE) based 
techniques [5]. This is compounded by the fact that the 
newly distorted mitral valve anatomy can not be assumed 
to fit the geometric assumptions that support measure-
ments using the proximal isovelocity surface acceleration 
or venacontracta width methods [5]. With 3D TEE color 
Doppler, the number, location, and extent of MR jets may 
be better appreciated (Fig. 29.14). It may also be possible 
to quantify severity of residual MR after a MitraClip pro-
cedure by measureing the 3D vena contracta area [5] 
(Fig. 29.15).

Final orifice size and geometry can be evaluated best on 
3D using either either FV or 3D zoom formats. The MV 
should be imaged enface from both the LA and LV projec-
tions (Fig.  29.16). The enface LV 3D view is particularly 
helpful when more than one MitraClip is deployed to verify 

a b

Fig. 29.12 (a and b): xPlane (Philips Healthcare) guidance of 
Mitraclip (yellow arrows) positioning with respect to origin of MR jet 
prior to leaflet grasping. Red arrow points to the lock line of the 

CDS. Used with permission of Mayo Foundation for Medical Education 
and Research. All rights reserved. CDS, clip delivery system
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Fig. 29.13 Tissue bridge: (a): Live 3D TEE enface view of XTR 
MitraClip arms (yellow arrows) showing an excellent tissue bridge 
prior to release of MitraClip. Orange arrow points to leading edge of the 
Mitraclip device in the LV and dark blue arrow points to lock line of the 
CDS. (b): Live auto-cropped FV 3D of NTR MitraClip prior to being 
released showing good grasping of the AML (white arrow) and PML 
(yellow arrow) between the Mitraclip arms and grippers. (c): Live 3D 
Zoom of post NTR MitraClip release tissue bridge (white arrow) 

between AML and PML. The MV is viewed from its side. (d): Live 
3DTEE enface FV dual layout (LA and LV) views of the MV post 
release of XTR MitraClip showing an excellent tissue bridge (yellow 
arrows). Note the unequal double orifice. Used with permission of 
Mayo Foundation for Medical Education and Research. All rights 
reserved. AML, anterior mitral leaflet; AV, aortic valve; CDS, clip deliv-
ery system; FV, Full Volume; LA, left atrium; LV, left ventricle; MV, 
mitral valve; PML, posterior mitral leaflet
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Fig. 29.14 3D TEE multibeat CFD. Top panel: Enface LA views of 
the MV showing MR before (a, arrows) and after Mitraclip deployment 
(b, arrow) Middle panel. (c): Enface LV view of residual central MR 
(red arrow) following deployment of two Mitraclips (yellow arrows). 
(d): LA view post MitraClip deployment diastolic frame showing two 
large orifices, and a smaller orifice (red arrows). Bottom panel: Enface 
dual layout LA and LV views before (e) and after deployment of a sin-

gle Mitraclip (f, dark blue arrows) showing marked reduction in MR jet 
(red arrows). Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. A, anterior; AV, aortic 
valve; CFD, color flow Doppler; I, inferior; L, lateral; LA, left atrium; 
LV, left ventricle; M, medial; MR, mitral regurgitation; MV, mitral 
valve; P, posterior; S, superior
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Fig. 29.15 (a–e). Quantifying severity of post MitraClip MR. (a): 2D 
color Doppler shows the MitraClip (white arrow) and MR jet (yellow 
arrows) that splits in LA and is eccentric in its trajectory. (b and c): 
3DTEE CFD enface LA views of the MV post MitraClip deployment in 
systole (b) and diastole (c). The Mitraclip (white arrow) is seen. Note 
the asymmetric double orifice (green and yellow arrows) and eccentric 
MR (dark blue arrows). Light blue arrow points to a second trivial MR 
jet. (d): MPR of same MR (white arrows on MPR and dark blue arrows 
on 3D volume lower right) with delineation of the VC area in the trans-
verse plane (blue box, left lower quadrant). Yellow arrows point to 

MitraClip. (E): Enlarged image of the VC in the transverse plane 
(arrows). The VC area or EROA measured 0.28 cm.sq. on planimetry. (f 
and g): Post A2-P2 MitraClip deployment. The two residual mitral ori-
fices (yellow arrows in f and same image enlarged in g) are delineated 
using MPR and can be planimetered. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. A, 
anterior; AV, aortic valve; CFD, color flow Doppler; EROA, effective 
regurgitant orifice area; L, lateral; LA, left atrium; LV, left ventricle; M, 
medial; MPR, multiplanar reconstruction; MR, mitral regurgitation; P, 
posterior; VC, vena contracta

the side by side positioning of the clips, hence correct 
deployment, prior to their release (Fig. 29.16). Whereas with 
central jets, a symmetric double orifice MV is created 
(Firgure 16), paracentral jets are typically associated with 
the creation of a large and smaller orifice (Fig. 29.16). The 

residual mitral orifice(s) area(s) can be planimetered using 
the 3D measurement software (Fig. 29.15f and g).

When the mitral regurgitation is paracentral and is associ-
ated with commissural MR, optimal transcatheter treatment 
of MR may require placement of an Amplatzer vascular plug 
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Fig. 29.16 Post Mitraclip deployment. Top panel: Enface 3D LA 
views of MV. (a): Double orifice (arrows). (b): large single orifice (red 
arrow) and rudimentary medial orifice (yellow arrow). Bottom panel: 
Enface 3D LV views of MV. (c): Single MitraClip (arrow). (d): two 
MitraClips (arrows). Note that the clips are aligned side by side. Used 

with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved. A, anterior; AV, aortic valve; I, inferior; L, 
lateral; LA, left atrium; LV, left ventricle; M, medial; MR, mitral regur-
gitation; MV, mitral valve; P, posterior; S, superior

occluder between the commissure and MitraClip [6, 7] 
(Fig. 29.17).

Finally, complications related to MitraClip deployment 
are fortunately rare, but include leaflet damage or tear, clip 

embolization, thrombus formation on the clip, and single 
leaflet device attachment [8]. These complications are usu-
ally detected on 2DTEE, but 3D TEE can also be useful 
(Fig. 29.18).
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Fig. 29.17 (a): Illustration of use of a hybrid MitraClip-AVP II 
occluder approach for the treatment of associated commissural MR 
(with permission from Raphael et al.: A hybrid technique for treatment 
of commissural primary mitral regurgitation. Catheter Cardiovasc 
Interv. 2019 Mar 1;93(4):692–698). Example case shows MR second-
ary to A3 prolapse and concomitant commissural MR (A). A MitraClip 
is placed toward A3/P3 (B) and released. Next an AVP II occluder is 
inserted between the MitraClip and the commissure (C) and then 
released (D). (b and c): RT 3D TEE enface LA views post MitraClip 

deployment (yellow arrows) in a patient with A3-P3 MR and residual 
medial commissural MR(c, red arrow). (d and e): RT enface LA views 
of deployment of an AVP II occluder (yellow arrows) between the 
MitraClip (white arrow) and medial commissure. Red arrows point to 
AVP delivery catheter. Images B-E are used with permission from 
Mayo Foundation for Medical Education and Research. All rights 
reserved. A, anterior; AV, aortic valve; AVP, Amplatzer Vascular Plug; 
L, lateral; LA, left atrium; M, medial; MR, mitral regurgitation; P, pos-
terior; RT, real time
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Fig. 29.18 Dislodged MitraClips. (a and b): Intraoperative pre-bypass 
live FV enface LV views showing two dislodged MitraClips. An A2/P2 
MitraClip (white arrows) is attached to the tip of the posterior leaflet 
only, and the other MitraClip (yellow arrows) is partially attached to the 
anterior mitral leaflet at the medial commissure. Orange arrows point to 
AML. (c): TG view of the two dislodged MitraClips (arrows). (d): One 

of the dislodged MitraClips as seen by the surgeon (arrows). Used with 
permission of Mayo Foundation for Medical Education and Research. 
All rights reserved. AML, anterior mitral leaflet; FV, Full Volume; I, 
inferior; L, lateral; LA, left atrium; LAA, left atrial appendage; LV, left 
ventricle; M, medial; S, superior; TG, transgastric
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Periprosthetic Leak Repair

Joseph F. Maalouf, Sushil Allen Luis, Jeremy J. Thaden, 
and Krishnaswamy Chandrasekaran

 Introduction

Paravalvular regurgitation also known as periprosthetic leak 
(PPL) affects 5% to 17% of all surgically implanted pros-
thetic heart valves [1]. Because reoperation for PPL is asso-
ciated with a high likelihood of recurrence as well as 
increased surgical morbidity and mortality, there has been 
significant growth in percutaneous transcatheter PPL clo-
sure, and various devices have been used to close these 
defects [1–3]. The most commonly used devices are from the 
Amplatzer family of septal, ductal and vascular occluders 
(St. Jude Medical, St. Paul, MN) [ 1–3] (Fig. 30.1). 3D trans-
esophageal echocardiography (3D TEE) is a very useful tool 
for guiding closure of periprosthetic leaks and for communi-
cating the location and size of periprosthetic defects to the 
interventional cardiologist (see chap. 15). Additionally, this 
technique (Fig. 30.2) offers the opportunity to visualize cath-
eters in real-time to guide percutaneous interventions. 3D 
TEE can also help guide the transseptal puncture when the 
tip of the transseptal needle is not well seen on 2D TEE (see 
Fig. 29.4 Chap. 29).

 Role of 3D TEE in Guiding Closure 
of Mitral PPL

3D TEE is critical to guide closure of mitral PPL. Defect size, 
shape, number and location (Fig. 30.3; see Chap. 15) need to 
be effectively communicated to the interventionalist. This is a 
key element of procedural success and establishing a com-
mon language is fundamental. If the PPL defect exceeds 25% 
of the sewing ring circumference, device closure may not be 
possible and risk of device embolization is increased (see 
Fig. 15.5 Chap. 15). If the dehiscence is large multiple devices 
will be necessary to achieve satisfactory closure.

Real time 3D TEE enface left atrial views of the mitral 
prosthesis play a pivotal role in guiding catheter defect can-
nulation and positioning of the vascular occluder device(s) 
(Figs. 30.4, 30.5, 30.6, and 30.7). This includes confirming 
that the guide wire has crossed the defect rather than inadver-
tently being advanced through the prosthestic valve orifice, 
and to monitor for interference with prosthesis leaflet func-
tion by the vascular device(s) deployed (Fig.  30.9). In the 
case of mechanical mitral prostheses, only 3D TEE can 
localize the periprosthetic defect in relation to the fluroscopi-
cally visible prosthesis lealfelts and hinges which may prove 
invaluable in guiding the procedure (Figs.  30.5 and 30.8). 
Mitral PPL involving the undersurface of the prosthesis sew-
ing ring or in very close proximity to it (see Figs. 30.4 and 
30.5) may be more difficult to close and in the case of 
mechanical prostheses, a major concern is interference of 
the vascular plug with motion of the prosthesis leaflets.
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Fig. 30.1 Top panel. (a): AVP. (b): 3D TEE view of AVP. Note the 
dumbbell like shape, narrower in the middle which appears tubular (a: 
yellow arrows and b: dark blue arrow) than on either end that is circular 
in shape (red arrows). Green arrow points to delivery wire. Bottom 
panel. (c): 3DTEE enface LA view of mitral mechanical bileaflet pros-
thesis post deployment of two AVPs of unequal size (dark blue and red 
arrows) adjacent to posterior occluder hinge. Green arrow points to 
anterior hinge and yellow arrows to the bileaflet occluders. (d): 

Multibeat 3D TEE CFD enface LV view of lateral PPL (arrow). This 
view may help determine the number and size of AVP needed to close 
the periprosthetic defect. Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved. A, anterior; AV, 
aortic valve; AVP, Amplatzer Vascular Plug; CFD, color flow Doppler; 
I, inferior; L, lateral; LA, left atrium; M, medial; P, posterior; PPL, peri-
prosthetic leak, S, superior
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Fig. 30.2 (a–c): Animation of AVP deployment to close a periprosthetic 
defect (dark blue arrow) following TSP. In this illustration, a guide wire 
(white arrow) is passed through the defect into the LV and out through the 
aortic valve into the aorta to create an arterio-venous rail. An AVP on a 
shuttle sheath (yellow arrow) is advanced into the defect over the guide 

wire (white arrow). The ventricular end of the AVP (green arrow) is 
deployed first followed by the atrial end (orange arrow). Used with per-
mission of Mayo Foundation for Medical Education and Research. All 
rights reserved. Ao, ascending aorta; AVP, Amplatzer Vascular Plug; LA, 
left atrium; LV, left ventricle; TSP, transseptal puncture

a b

c d

Fig. 30.3 Multibeat 3D TEE prior to closure of a lateral mitral bio-
prosthesis PPL. Top panel. (a): Enface LA view of periprosthetic 
defect adjacent to ostium of LAA (yellow arrow). (b): Dual LA and LV 
layout of the defect (arrows). Note that the enface LV perspective simu-
lates the fluoroscopic view used by interventional cardiologists. Bottom 
panel: Enface LA CFD views of the PPL showing regurgitation into LA 

in systole (c, arrow) and diastolic flow through the periprosthetic defect 
and prosthesis orifice (d). Used with permission of Mayo Foundation 
for Medical Education and Research. All rights reserved. A, anterior; 
AV, aortic valve; CFD, color flow Doppler; L, lateral; LA, left atrium; 
LAA, left atrial appendage; LV, left ventricle; M, medial; P, posterior; 
PPL, periprosthetic leak
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Fig. 30.4 Top panel: Real time 3D TEE enface views during trans-
catheter closure of a PPLfollowing transseptal puncture. (a): Guide 
wire inside prosthesis lumen (arrow). (b): Guide wire (red arrows) 
through a lateral defect (dark blue arrow) into the LV. Bottom panel. 
(c): Enface LA view of mitral bioprosthesis with cresent shaped poste-
rior periprosthetic defect (yellow arrows). White arrows point to pros-
thesis SR. (d): Guide wire through the defect (yellow arrow) into the LV 

(red arrow) and out of the aortic valve (white arrow) to create an arterio- 
venous rail. Note that on 3D TEE wires can appear thick due to bloom-
ing artifacts and distinguishing wires from catheters therefore, may not 
be possible. Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. A, anterior; AV, aortic 
valve; L, lateral; LA, left atrium; LV, left ventricle; M, medial; P, poste-
rior; PPL, periprosthetic leak; SR, sewing ring
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Fig. 30.5 3D TEE enface LA views during closure of a posterior PPL 
in a patient with a mechanical mitral bileaflet prosthesis. Top panel: 
Multibeat acquisition. The posterior defect (a, yellow arrow) is in very 
close proximity to the prosthesis SR undersurface, and is best appreci-
ated on CFD (b, yellow arrows). Red arrows point to the prosthesis 
bileaflet occluders. Note that the occluder hinges can serve as fluoro-
scopic beacons to guide closure of mechanical bileaflet PPLs. The 
white arrows point to built-in prosthesis regurgitation. Bottom panel: 

Intraprocedural live 3D. (c): The tip of the guide wire (red arrow) is 
away from the PPL defect and abuts the LA free wall. (d): The tip of the 
guide wire (red arrow) is inside the defect. Yellow arrows point to proxi-
mal segment of the guide wire. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. A, 
anterior; AV, aortic valve; CFD, color flow Doppler; L, lateral; LA, left 
atrium; M, medial; P, posterior; PPL, periprosthetic leak; SR, sewing 
ring
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Fig. 30.6 Enface LA 3D TEE during closure of the lateral PPL shown 
in Fig. 30.3. Top panel. (a and b): Live (real time) 3D of guide wire 
(dark blue arrow) as it enters the LA (a) and during an attempt (b) at 
guide wire (dark blue arrow) negotiation of the defect with its tip (red 
arrow) away from the defect (green arrow). Bottom panel. (c): Live 3D 
showing tip of guide wire (red arrow) inside the lateral defect. Dark 
blue arrow points to proximal segment of the wire. (d): Multibeat CFD 

acquisition following deployment of two AVPs (yellow arrows) show-
ing mild residual PPL (red arrow) between the two AVPs. Used with 
permission of Mayo Foundation for Medical Education and Research. 
All rights reserved. A, anterior; AV, aortic valve; AVP, Amplatzer 
Vascular Plug; CFD, color flow Doppler; L, lateral; LA, left atrium; M, 
medial; P, posterior; PPL, periprosthetic leak

The vascular device(s) should not be released until proper 
prosthetic valve leaflet motion and device stability is con-
firmed. Findings on 3D TEE suggestive of device impinge-
ment on leaflet motion include immobile or partial opening 
of the leaflet during device deployment (Fig. 30.9) or abrupt 
increase in valvular regurgitation due to device interference 
with proper leaflet closure in systole. Rarely, a device may 
tilt after deployment obstructing leaflet motion or may get 

dislodged [4] (Fig. 30.9). After device release, evaluation of 
residual PPL is undertaken (Figs.  30.6d and 30.10c). 3D 
TEE is also very useful for the evaluation of the iatrogenic 
post procedure atrial septal defect and for guiding its closure 
if need be (see Fig. 31.9 Chap. 31). 3D echocardiography has 
a role in assessment of aortic paravalvular defects (see Chap. 
16), but not yet in guiding closure of these defects.
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Fig. 30.7 3D TEE enface LA views of mechanical bileaflet mitral 
prosthesis with a lateral periprosthetic defect. (a): pre procedure image 
showing a cresent shaped periprosthetic defect (yellow arrow). White 
arrows point to the bileaflet occluders and orange arrows point to pros-
thesis SR. (b): post closure of periprosthetic defect with 3AVPs (yellow 
arrows). Note that the AVPs do not impinge on the prosthesis orifice. 

Also note the thickened appearance of the bileaflet occluders due to 
blooming artifacts (red arrows). Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. A, 
anterior; AV, aortic valve; AVP, Amplatzer Vascular Plug; L, lateral; LA, 
left atrium; M, medial; P, posterior; SR, sewing ring

a b

a b

Fig. 30.8 3D TEE enface LA views of transcatheter closure of a 
Carbomedics mechanical bileaflet periprosthetic defect. (a): Live 3D of 
medial PPL defect (dark blue arrow) that is straddled by calcified ridges 
(red arrows). Green arrow points to LAA. (b): Live 3D HVR CFD showing 
flow through the defect (arrow). (c–f): Sequential real time 3D imaging of 
deployment of first AVP. White arrows point to delivery sheath inside the 
defect. Note the various stages of deployment of the AVP (red arrows). 
(g–h): Real time deployment of second AVP (dark blue arrows). Orange 

arrow points to AVP delivery wire and yellow arrows point to prosthesis 
SR. Red arrow points to first AVP. (I): fully deployed second AVP (dark 
blue arrow) overlapping with first AVP (red arrow). (j): Post deployment of 
a total of 3 AVPs (arrows). Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved. A, anterior; AV, aortic 
valve; AVP, Amplatzer Vascular Plug; CFD, color flow Doppler; HVR, 
High Volume Rate; L, lateral; LA, left atrium; LAA, left atrial appendage; 
M, medial; P, posterior; PPL, periprosthetic leak; SR, sewing ring
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Fig. 30.8 (continued)
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Fig. 30.9 Live 3D TEE enface LA views during deployment of AVPs 
in patients with mechanical mitral bileaflet prostheses. Top panel. (a): 
One of the AVPs (dark blue arrow) is impinging on the prosthesis ori-
fice and leaflets (green arrows). Yellow arrows point to prosthesis SR 
and red arrow points to a correctly deployed AVP. (b): Live 3D with 
biplane layout. There is interference with opening of the medial pros-
thesis leaflet (red arrows) by the ventricular surface of the AVP (blue 
arrow). There is normal opening of the lateral prosthesis leaflet (yellow 

arrows). Orange arrow points to atrial component of the AVP, and white 
arrow points to AVP delivery sheath. Bottom panel (c and d): Dislodged 
AVPs (red arrows) floating feely in the LA. Dark blue arrows point to 
prosthesis SR and white arrows point to well seated fully deployed 
AVPs. Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. A, anterior; AVP, 
Amplatzer Vascular Plug; L, lateral; LA, left atrium; LV, left ventricle; 
M, medial; P, posterior; SR, sewing ring

i j

Fig. 30.8 (continued)
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Fig. 30.10 Top panel: 3D TEE enface LA views of post mitral valve- 
in- valve implantation of a SAPIEN THV and deployment of a single 
AVP to close a PPL. Patient had severe MS due to MAC. (a): Diastolic 
frame showing the deployed AVP (white arrows) adjacent to ostium of 
LAA (light blue arrow). (b): CFD of same image in systole showing 
residual PPL (orange arrows) posterior to AVP (white arrow) and mild 
central prosthesis regurgitation (red arrow head). Yellow arrowheads 
point to SAPIEN THV stent-frame. Bottom panel: Multibeat 3D CFD 
acquisitions in systole (c) and diastole (d) showing trivial residual PPL 
(red arrowheads) following deployment of a second AVP (dark blue 

arrows). White arrows point to first AVP, orange arrowhead points to 
ostium of LAA, and yellow arrowhead points to central prosthesis 
regurgitation. Green arrows in all images points to a MAC nodule just 
anterior to first AVP.  Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved. A, anterior; AV, 
aortic valve; AVP, Amplatzer Vascular Plug; CFD, color flow Doppler; 
L, lateral; LA, left atrium; LAA, left atrial appendage; M, medial; 
MAC, mitral annular calcification; MS, mitral stenosis; P, posterior; 
PPL, periprosthetic leak; THV, transcatheter heart valve
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Valve-in-Valve/Ring Implantation

Joseph F. Maalouf, Jeremy J. Thaden, and Sushil Allen Luis

 Valve-in-Valve for Failed Bioprostheses or 
Valve Repair

Catheter based TEE guided treatment of degenerated bio-
prosthetic valves in the mitral and tricuspid positions is now 
feasible in high-risk surgical patients [1–5]. A balloon 
expandable valve (typically a Melody valve or Edwards 
SAPIEN valve) is implanted inside the degenerated biopros-
thesis. 3D TEE has an important role in patient selection, 
assessment of the degeneratd bioprosthesis, and intraproce-
durally [6–8]. Because the sewing ring of the degenerated 
bioprosthesis acts as a docking station for the transcatheter 
valve, the internal diameter of the degenerated bioprosthesis 
is key to determining patient eligibility, and the external 
diameter of the transcatheter valve should match or slightly 
exceed the internal diameter of the failed bioprosthesis in 
order to allow for secure fixation and sealing. Regurgitant 
bioprostheses may have relatively larger internal diameters 
compared with stenotic bioprostheses. With 2D TEE, the 
sewing ring is carefully scanned from 0 to approximately 

140 degrees in order to obtain the optimal internal diameter 
measurement. With 3D TEE, measurement of both the inter-
nal and external diameters using vendor provided “online” 
calipers can be readily made from a single view (Fig. 31.1), 
but although this“online” measurement has been validated 
using a phantom model, we prefer multiplanar reconstruc-
tion of the 3D data set for making any measurments 
(Fig.  31.1). Valve-in-ring implantation for failed mitral or 
tricupid valve repair is also feasible using the same TEE 
guided approach provided the ring is a complete one [9] 
(Fig. 31.2).

Valve-in–valve implanations can be performed via a 
transapical or transseptal access [1–3]. Successful valve-in- 
valve implantation is contingent on ensuring coaxial align-
ment of the transcatheter heart valve (THV) (Figs. 31.3 and 
31.4), particularly with the transseptal approach, in order to 
avoid tilting the THV towards the left ventricular outflow 
tract [2]. This is especially important with valve-in-ring 
deployment which is more challenging.

All steps of valve-in-valve implantation begining with the 
transeptal puncture and septal balloon dilatation (Figs. 31.5, 
31.6, 31.7, and 31.8) can be captured on real time 3D TEE 
imaging and the results can be readily assessed. A critically 
important step is identifying the optimal orientation of the 
annular plane that would ensure coaxial positioning of the 
transcather valve. With real time (live) 3D TEE, enface views 
of the annular plane and degenerated bioprosthesis can be 
viewed from both the left atrial and left ventricular perspec-
tives for mitral bioprotheses and right atrial and right ven-
tricular perspectives for tricuspid bioprostheses. The sheaths/
catheters and guide wires used to advance the transcather 
valve delivery system can be viewed as they cross the orifice 
of the degenerated bioprosthetic valve into the ventricle 
(Fig. 31.4) and maintaining coaxial positioning of the distal 
wire in the right or left ventricle can be ascertained from the 
live 3D enface ventricular views (Fig. 31.10). Live 3D can 
also be useful in guiding positioning and deployment of the 
transcatheter valve. After deployment, 3D TEE can verify 
adequate positioning, normal cusp mobilty of the implanted 
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Fig. 31.1 Top panel: Internal (a) and external (b) SR diameters (white 
lines) of a mitral bioprosthesis using on line calipers. Middle panel: MPRs 
of mitral bioprosthesis stenosis (c) and complete annulopasty ring in a 
patient with failed mitral valve repair (d). Alignment of the transverse plane 
(blue line) and an orthogoanl sagittal plane (red line) at ROI in the coronal 
plane (green rectangle), and similar alignment of the transverse plane (blue 
line) with coronal plane (green line) in the sagittal plane (red rectangle) in 

both MPRs generates the measurement ready ROI (c: white arrows, and d: 
green arrows) in the transverse plane (blue rectangle). Bottom panel: 
Complete annuloplasty SR internal diameters (e) and circumeference/area 
(f) on MPR.  Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. A, anterior; AV, aortic valve; L, 
lateral; LA, left atrium; LV, left ventricle; M, medial, MPR, multiplanar 
reconstruction; P, posterior; ROI, region of interest; SR, sewing ring
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Fig. 31.2 3D TEE enface LA views during valve-in-ring implantation 
of an Edwards SAPIEN valve. Top panel: Real time intraprocedural 
imaging. (a): 3D zoom of complete annuloplasty ring (dark blue arrows) 
showing severe narrowing of MV orifice (red arrows). (b): FV of 
crimped THV (yellow arrow) on balloon delivery catheter (red arrow) 
with the complete annuloplasty ring (dark blue arrows) below it. Bottom 

panel (c and d): Multibeat FV 3D TEE enface LA views of the fully 
deployed Edwards SAPIEN valve (yellow arrows) with trivial paraval-
vular regurgitation (red arrow). Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. A, 
anterior; AV, aortic valve; FV, Full Volume; L, lateral; LA, left atrium; 
M, medial; MV, mitral valve; P, posterior; THV, transcatheter heart valve
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Fig. 31.3 Schematic of the various steps in mitral valve-in-valve 
(degenerated mitral prosthesis) implantation of a SAPIEN valve via a 
transeptal technique. (a): Balloon atrial septum dilation (arrow); (b): 
Coaxial positioning of the crimped THV (arrows) inside the bioprosthe-
sis; (c): Balloon inflation of the transcatheter Edwards SAPIEN valve 

(dark blue arrow). Red arrow points to the THV and green arrow points 
to guide wire in LV. (d): Fully deployed Edwards SAPIEN valve 
(arrow) inside the degenrated mitral bioprosthesis. Used with permis-
sion of Mayo Foundation for Medical Education and Research. All 
rights reserved
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Fig. 31.4 Live 3D TEE of valve in degenerated mitral bioprosthesis 
implantation of a Melody valve via a transapical rail. (a): Following 
transeptal puncture, coaxial positioning of the delivery sheath (red 
arrow) within the orifice of the degenrated bioprosthesis; green arrows 
point to prosthesis SR. (b): Delivery sheath (red arrow) in the LA and 
Glidewire (white arrow) that was advanced through the sheath into the 

LV, and exteriorized through an LV apical puncture. The resulting arte-
rio- venous rail was used to advance the Melody THV into position 
within the degenerated bioprosthesis. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. 
LA, left atrium; LV, left ventricle; SR, sewing ring; THV, transcatheter 
heart valve

a b

c d

Fig. 31.5 (a): Inoue dilator (yellow arrow) on guide wire (white arrow). 
(b): The Inoue dilator is advanced over the wire. Dark blue arrow points 
to a second stiff wire in the LA. Orange arrows point to atrial septum and 
red arrows point to the mitral bioprosthesis. (c and d): Two frames of 

balloon (red arrows) septal dilation. White arrows point to region of the 
septum being dilated and dark blue arrow points to the guide wire. Used 
with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved. LA, left atrium; RA, right atrium
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Fig. 31.6 (a–d) Live 3D TEE enface LA views of transcatheter 
Melody valve-in- degenerated mitral bioprosthesis implantation show-
ing a catheter mounted balloon inflatable Melody valve (yellow arrows) 
at various stages of deployment during rapid ventricular pacing (b and 
c). White arrows point to the degenerated mitral bioprosthesis SR and 
red arrows point to the Melody valve stent frame. Note the excellent 

seal with the bioprosthesis SR.  Threre was no PPL.  Orange arrow 
points to the THV delivery catheter. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. A, 
anterior; L, lateral; LA, left atrium; M, medial; P, posterior; PPL, peri-
prosthetic leak; SR, sewing ring; THV, transcatheter heart valve

prosthesis and severity of any prosthetic or periprosthetic 
regurgitation (Figs. 30.7 and 30.8, and 30.10, Chap. 30). As 
with any percutaneous procedure that involves a transseptal 
puncture, particularly those involving use of large catheters, 
the atrial septum should be carefully scanned post procedure 
for evidence of a large iatrogenic ASD that may need trans-
catheter closure (Fig. 31.9).

For tricuspid valve-in-valve or complete tricuspid sewing 
ring implants [4, 5], the transcatheter valve is delivered via 
the right internal jugular vein. Bicaval view of the tricuspid 
prosthesis inflow (110–130 degrees) offers the optimal imag-
ing window for guiding the procedure (Fig. 31.10).

 Valve-in-MAC

Transcatheter valve in native mitral valve implantation is 
also feasible for patients with severe mitral inflow stenosis 
caused by heavy mitral annular calcification [3] 
(Fig. 31.11). Accurate sizing of the mitral annulus is criti-
cal for successful outcome because undersizing risks 
embolization or late migration of the THV as well as para-
valvular regurgitation [6] (see Fig. 30.10 Chap. 30). The 
presence of circumferential annular calcification, needed 
for optimal device anchoring of balloon-expandable pros-
theses, is confirmed with reformatted CT images which are 
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Fig. 31.7 From patient in Fig. 31.6. Top panel. 3D TEE enface LA 
views. (a): Pre procedure severe bioprosthesis stenosis (yellow arrows); 
white arrows point to bioprosthesis SR. (b): Fully deployed Melody 
valve in diastole. Bottom panel. (c): Same Melody valve in systole. 
Green arrows point to Melody valve stent . White arrows point to bio-

prosthesis SR. (d): Sideway view of the atrial (yellow arrows) and ven-
tricular (white arrows) surfaces of the Melody valve stent. Used with 
permission of Mayo Foundation for Medical Education and Research. 
All rights reserved. A, anterior; L, lateral; LA, left atrium; LV, left ven-
tricle; M, medial; P posterior; SR, sewing ring

a b

c d

also used to obtain the mitral annular dimensions for trans-
catheter heart valve sizing [3]. Mitral annular measure-
ments are also feasible on 3D TEE multiplanar 
reconstruction of the volumetric 3D data set (Fig. 31.12), 
and the extent of circumferential annular calcification 
including irregularity of calcium distribution (see Chap. 7 
Fig. 7.9a and b) can also be assessed on 3D TEE. A major 
concern with transcatheter mitral valve replacement 
(TMVR) for valve in MAC or annuloplasty ring, is left 
ventricular outflow obstruction (LVOT) caused by dis-
placement of the anterior mitral valve leaflet into the left 
ventricle particularly when there is basal septal hypertro-

phy or the left ventricular cavity is small [3]. CT scan pro-
vides measurements of the projected neo LVOT area [3] 
which may also be feasible on 3D TEE (Fig. 31.13), and 
3D printing (see Chap. 36) derived from 3D TEE has 
recently become possible [6]. If the risk of LVOT obstruc-
tion after TMVR is high, patients can undergo alcohol sep-
tal ablation or intentional percutaneous laceration of the 
anterior mitral leaflet [10] (LAMPOON procedure [10], 
Figs. 31.14, 31.15, 31.16 and 31.17) or both to reduce the 
risk of LVOT obstruction before TMVR. Other concerns 
following transcatheter valve deployment are the same as 
for valve in degenerated mitral prosthesis implantation.
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Fig. 31.9 (a and b): 3D TEE RA and LA views of iatrogenic ASD 
in diastole (a) and systole (b) following Melody valve-in- degener-
ated mitral valve prosthesis implantation. Note the irregular edges 
of the iatrogenic ASD (arrows). (c): left atrial (dark blue arrow) and 
right atrial (white arrow) surfaces of the Amplatzer ASD occluder 

device that was deployed percutaneously. Used with permission of 
Mayo Foundation for Medical Education and Research. All rights 
reserved. ASD, atrial septal defect; LA, left atrium; RA, right 
atrium

a

b c

Fig. 31.8 3DTEE enface dual layout LA and LV views of transcatheter 
Edwards SAPIEN valve-in-degenerated mitral bioprosthesis implanta-
tion. (a): Degenerated bioprosthesis with severe stenosis (arrows). (b 
and c): Diastolic (b) and systolic (c) frames of the deployed SAPIEN 
valve. Yellow arrows point to degenrated bioprosthis SR, and dark blue 

arrows point to the THV cusps. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. 
LA, left atrium; LV, left ventricle; SR, sewing ring; THV, transcatheter 
heart valve
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Fig. 31.10 3D TEE enface RA and RVviews of transcatheter Melody 
valve-in- degenerated tricuspid bioprosthesis implantation. Top panel: 
RA (a) and RV (b) views of the degenerated bioprosthesis. Green 
arrows point to bioprosthesis SR and yellow arrows point to the bio-
prosthesis struts. White arrow points to a catheter in bioprosthesis 
lumen. Middle panel: RA (c) and RV (d) views of a stiff guide wire 
(white arrow) inside lumen of degenerated bioprosthesis (yellow 
arrows). Bottom panel: Enface RA (e) and RV (f) views of the fully 

deployed transcatheter Melody valve. Green and white arrows point to 
the degenerated bioprosthesis SR and struts respectively, and yellow 
arrows point to the three Melody valve cusps. Note the perfect seal 
between the stented Melody valve and degenerated bioprosthesis 
SR. Used with permission of Mayo Foundation for Medical Education 
and Research. All rights reserved. RA, right atrium; RV, right ventricle; 
SR, sewing ring

a b

c d
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Fig. 31.10 (continued)

a b

c d

Fig. 31.11 RT 3D TEE Zoom of transcatheter implantation of SAPIEN 
THV in- native mitral valve with severe stenosis secondary to heavy 
annular calcification. Top panel: LA view of severe mitral stenosis (red 
arrows) due to MAC (a) and dual layout in another patient showing 
severe MAC (white arrows) with markedly narrowed MV orifice (b). 
Bottom panel: from patient in a. Enface LA views of fully deployed 

SAPIEN THV (white arrows) in both systole (c) and diastole (d). 
Yellow arrow points to LAA. Used with permission of Mayo Foundation 
for Medical Education and Research. All rights reserved. A, anterior; L, 
lateral; LA, left atrium; LAA, left atrial appendage; LV, left ventricle; 
M, medial; MAC, mitral annular calcification; MV, mitral valve; P, pos-
terior; RT, real time; THV, transcatheter heart valve
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Fig. 31.12 3D TEE mitral annular measuremetns in a patient with 
severe MS due to MAC prior to TMVR. Top panel: FV of MV (a) 
showing severe MAC (white arrows) and the corresponding MPR (b). 
Alignment of the transverse plane (dashed blue lines) with both the 
orthogonal sagittal (dashed red line) and coronal (dashed green line) 
planes at mitral annulus in the coronal (green rectangle) and sagittal 
(red rectangle) 2D tomographic space produces a measurement ready 
image of the mitral annulus in the transverse plane (blue rectangle). 

Bottom panel: Enlarged images of MPR derived transverse plane 
showing mitral annulus (c) and corresponding area and dimension mea-
surements (d). Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. A, anterior; AV, aortic 
valve; FV, Full Volume; L, lateral; LA, left atrium; LV, left ventricle; M, 
medial; MAC, mitral annular calcification; MPR, multiplanar recon-
struction; MS, mitral stenosis; MV, mitral valve; P, posterior; TMVR, 
transcatheter mitral valve replacement

a b

Fig. 31.13 MPR (a) following valve-in-ring implantation of a SAPIEN 
THV(red arrows). The neo LVOT area (a and b; white arrows) is clearly 
delineated and can be measured. Used with permission of Mayo 

Foundation for Medical Education and Research. All rights reserved. 
LVOT, left ventricular outflow tract; MPR, multiplanar reconstruction; 
THV, transcathether heart valve
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a b

Fig. 31.14 (a and b): Baseline RT 3D zoom enface LA views of MV 
prior to LAMPOON procedure and TMVR in a patient with extensive 
circuferential MAC (dark blue arrows) with the calcification extending 
into the AML (a, white arrows) restricting leaflet motion. The primary 
pathology was severe MS mainly due to MAC but there was also moderate 
MR (b, red arrow). Patient had a thick septum and small LV cavity with 
narrow LVOT and underwent alcohol septal ablation without significant 

improvement in neo-LVOT. Images courtesy of Dr. Sari Padang.  Used 
with permission of Mayo Foundation for Medical Education and Research. 
All rights reserved. A, anterior; AML, anterior mitral leaflet; AV, aortic 
valve; L, lateral; LA, left atrium; LV, left ventricle; LVOT, left ventricular 
outflow tract; M, medial; MAC, mitral annular calcification; MR, mitral 
regurgitation; MS, mitral stenosis; MV, mitral valve; P, posterior; RT, real 
time; TMVR, transcatheter mitral valve replacement
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Fig. 31.15 Percutaneous antegrade LAMPOON procedure in prepara-
tion for TMVR in patient from Fig. 31.14. Top panel. (a): Two guide 
catheters in LA via transseptal approach. One catheter (red arrow) is posi-
tioned above the A2 segment of the AML (green arrow) while the other 
catheter (dark blue arrow) is directed through the MV orifice into the 
LVOT. (b): A catheter (green arrows) is advanced through the MV orifice 
into the LV and through that catheter a snare is extruded. An Astato wire 
connected to a Bovie is advanced through the other catheter to perforate 
the base of the AML (dark blue arrow) and is then advanced into the LV 
(white arrow) to be be passed into the snare in preparation for laceration 
of the AML. Note that differentiating catheters from wires can be difficult 
on 3DE because of blooming artifacts. Middle panel. Enface views of 
giude catheters and wires from both LA and LV perspectives. (c): AML 

directed catheter (yellow arrow) and wire (red arrow) at base of AML. The 
other guide catheter can be seen in both LA (dark blue arrow) and LVOT 
(white arrow). Green arrow points to AV. (d): Snaring (yellow arrow) of 
the Astato wire (red arrow) in LVOT. White arow points to AV. Bottom 
panel. (e): Significant increase in MR (yellow arrows) following lacera-
tion of the AMLwith the color filter at the highest setting. (f): Diastolic 
frame. Dark blue arrows in both images point to site of AML Astato wire 
perforation. Images courtesy of Dr. Sari Padang. Used with permission of 
Mayo Foundation for Medical Education and Research. All rights 
reserved. A, anterior; AML, anterior mitral leaflet; AV, aortic valve; L, 
lateral; LA, left atrium; LV, left ventricle; LVOT, left ventricular outflow 
tract; M, medial; MR, mitral regurgitation; MV, mitral valve; P, posterior, 
TMVR transcatheter mitral valve replacement

a b

e f

c d
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e f

Fig. 31.16 Live 3D TEE enface LA views of TMVR following 
LAMPOON procedure. (a): Positioning of delivery catheter (green 
arrow) with crimped balloon expandable SAPIEN 3 THV (red arrow) 
within the MV orifice. (b): Initiation of rapid ventricular pacing. Light 
blue arrows point to circumferential MAC. (c and d): Two stages of 
balloon inflation and SAPIEN 3 deployment (dark blue arrows) during 
rapid ventricular pacing. Green arrow points to delivery catheter. (e): 
Fully deployed SAPIEN 3 THV (yellow arrows) with wire in lumen 

(white arrow). (f): Live 3D Zoom CFD of same THV (white arrows) 
showing trivial PPL (yellow arrow). Images courtesy of Dr. Sari 
Padang. Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. A, anterior; AV, aortic 
valve; CFD, color flow Doppler; L, lateral; LA, left atrium; M, medial; 
MAC, mitral annular calcification; MV, mitral valve; P, posterior; PPL, 
periprosthetic leak; THV, transcatheter heart valve; TMVR, transcath-
eter mitral valve replacement
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Fig. 31.17 3D TrueVue (Philips Healthcare) of another LAMPOON 
procedure. (a) snaring of AML directed wire (yellow arrow) in LVOT 
(red arrow). (b)  Dual layout diastolic frame of MV post deployment of 
SAPIEN 3 valve. Images courtesy of Dr. Sari Padang. Used with per-

mission of Mayo Foundation for Medical Education and Research. All 
rights reserved. AML, anterior mitral leaflet; LA, left atrium; LV, left 
ventricle; LVOT, left ventricular outflow tract; MV, mitral valve

a b
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 Introduction

Over the past 25 years, the field of EP has greatly expanded. 
Sophisticated three-dimensional electro-anatomical mapping 
systems, novel implantable devices (capable of simultane-
ously recording electrical signal and intracardiac pressures, or 
“resynchronizing” ventricular contraction), implantable car-
dioverter-defibrillators and catheter-based ablation of a wide 
range of arrhythmias, have become the “armamentarium” of 
electrophysiologists (EPs). The same time frame has wit-
nessed impressive technological advances in non-invasive 
imaging techniques. Currently, cardiac magnetic resonance 
(CMR), computed tomography (CT) and three-dimensional 
transesophageal echocardiography (3D TEE), are able to pro-
vide exquisite anatomical details of cardiac structures, both in 
two and in three-dimensional format making them an indis-
pensable support for the diagnosis and management of patients 
with all forms of cardiovascular diseases including EP. The 

aforementioned non-invasive cardiac imaging techniques, 
have their own strengths and weaknesses and inevitably there 
is overlap between techniques. The choice of a single imaging 
modality may therefore, vary between institutions depending 
on several factors. Thus, a well thought of approach is required 
in order to avoid duplication of information and costs.

The use of advanced ultrasound imaging techniques (i.e. 
2D/3D TEE) is no longer confined to the echocardiography 
laboratory, but has immensely expanded in the domain of 
image-guided structural heart disease interventions. 
Unfortunately, this trend does not comprise transcatheter- 
based treatment of atrial and ventricular arrhythmias. Indeed, 
most imaging cardiologists or radiologists have little expo-
sure to EP procedures. There is also concern that image- 
guided EP procedures may have a significant impact on the 
workflow and may increase procedural costs. None-the-less, 
“potential” advantages of imaging during EP interventions 
include easier navigation, greater precision in targeting the 
“terrain” of interest, better catheter stability, avoidance of 
collateral damage, and reduction of radiation exposure.

In this chapter we review the role of non-invasive imaging 
techniques in EP. In particular we will focus our attention on 
2D/3D TEE pre-procedural assessment and procedural guid-
ance of cavo-tricuspid isthmus radiofrequency (RF) ablation 
and pulmonary vein isolation using either cryo- or radiofre-
quency energy.

 CVTI Radiofrequency Ablation

 Anatomy

The cavo-tricuspid isthmus (CVTI) can be envisioned as a 
quadrilateral region on the inferior-posterior wall of the right 
atrium, being delimited anteriorly by the tricuspid hinge line 
and posteriorly by the Eustachian valve (EV) (Fig.  32.1). 
The medial and lateral borders however, are less distinct, 
roughly corresponding to the coronary sinus ostium and to 
the terminal ramifications of the crista terminalis respec-
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tively. The CVTI is the target of linear ablation (i.e. an abla-
tion line which starts at the orifice of the inferior vena cava 
and ends at the hinge line of the tricuspid valve), which has 
been shown to be effective in interrupting the macro-re- 
entrant circuit of typical atrial flutter. For this purpose, three 
sectors within the quadrilateral CVTI have been defined: 
para-septal, inferior and inferolateral (Fig. 32.1).

The preferred site of linear ablation is the inferior isthmus 
in the central sector for several reason: (a) the distance 
between the tricuspid valve hinge line and the orifice of the 
inferior vena cava is shorter in the inferior isthmus than in 
the inferolateral isthmus; (b) the ablation line is further away 
from the atrioventricular node; (c) the atrial wall in this sec-
tor is relatively thin and includes small areas of fatty-fibrous 
tissue which are electrically inert. These characteristics facil-
itate a completely transmural ablation line.

Anatomical variants of the CVTI may make the ablation 
difficult by lengthening the duration of the procedure and 

ablation time [1]. Among these anatomical variants it is 
worth mentioning the following: (1) a sub-Eustachian 
pouch- like recess, present in the inferior isthmus in approxi-
mately 10% of patients, may cause difficulties in achieving 
transmural lesions. The catheter tip may, in fact, not reach 
the deepest area of the recess, resulting in an incomplete 
ablation line. In such cases, the longer inferolateral isthmus 
may be preferable; (2) a long isthmus or an angulation 
between the inferior vena cava and CVTI close to 90° as 
well as a very prominent and rigid Eustachian valve may 
render catheter manipulations difficult; (3) pectinate mus-
cles may occasionally extend across the lateral CVTI thus 
encroaching to some extent on the central CVTI. Their pres-
ence may also create gaps in the ablation line, which 
increases the risk of recurrence of the arrhythmia. Thus, “a 
priori” knowledge of the detailed anatomy of this region 
may significantly improve the safety and success rate of the 
ablation procedure.

Fig. 32.1 Anatomic 
specimen showing the 
cavo-tricuspid isthmus 
(CVTI). The dotted lines 
mark the borders of the three 
sectors within the CVTI: 
inferolateral (IL), Inferior (I) 
and para-septal (PS) where 
the ablation may take place. 
The red line marks the hinge 
line of the tricuspid valve. EV, 
Eustachian valve
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 Imaging Techniques

Several imaging techniques are able to illustrate “a priori” 
the anatomy of the CVTI and its anatomical variants:

Right atrial angiography just before the onset of the pro-
cedure may define the contour of the CVTI.  Historically, 
angiographic studies first demonstrated that CVTI length 
and the presence of pouch-like recesses significantly increase 
the time of the procedure, x-ray exposure, and the number of 
radiofrequency applications [2].

CT and CMR performed before the onset of the proce-
dure, are valuable non-invasive imaging techniques for 
assessing anatomy and anatomical variants.

CT has the highest spatial resolution (its isotropic voxel is 
0.6 mm) and therefore may be better at defining the anatomi-
cal features and providing quantitative assessment of the 
CVTI. Indeed, CT provides extensive information regarding 
length, width, depth, thickness, angle with inferior vena 
cava, length and rigidity of EV, shape (flat, concave) and 
presence of a sub-Eustachian recess [3]. Additionally, CT 
provides fine images of the right coronary artery (RCA). Pre- 
procedural knowledge of the course of the RCA and its 
branches (including the nodal arteries) may be extremely 
useful. In particular, at the level of the lateral isthmus, the 
distance between the RCA and atrial endocardium may be 
less than 5 mm (which roughly corresponds to the depth that 
an effective trans-mural lesion should achieve) with potential 
risk for RCA injury [4]. Thus, a CT study may alert the elec-
trophysiologist, as to whether the course of the RCA is too 
close to the potential ablation line. Although, CT is probably 
the most complete imaging technique in assessing CVTI 
anatomy, there are some limitations. First, a dedicated proto-
col must be used to obtain contrast images of the right atrium 
with image acquisition occurring when the first pass contrast 
is in the right atrial cavity. In order to avoid blooming arte-
facts due to the large amount of contrast flowing into the 
right atrium, which may obscure the CVTI border, the con-
trast must be adequately diluted by a second injection of 
physiological solution. Of note, this protocol is different 
from that used for CT coronary angiography which if needed, 
will impact quality of RA imaging. Second, obtaining clear 
and dynamic images of the CVTI requires multiphase retro-
spective acquisition with no dose modulation. With this pro-
tocol, even when the acquisition is performed with the new 
generation of CT machines, the x-ray exposure is no less 
than 10 mSv.

CMR appears to be a reliable imaging modality to illus-
trate the anatomy of the CVTI and to predict difficulty of the 
CVTI ablation. There is no radiation exposure associated 
with CMR and it is excellent at illustrating the dynamic 
nature of the CVTI, which shortens and lengthens during the 

cardiac cycle. However, CMR has its own limitations. First, 
delineating the EV or hinge line of the tricuspid valve is not 
always optimal. Second, to cover the entire surface of the 
CVTI, imaging with CMR relies on acquisition of multiple 
dedicated cross sections. And, as with CT, CMR visualizes 
the internal aspect of the CVTI in a two-dimensional plane, 
making it difficult to distinguish the para-septal, inferior and 
inferolateral isthmus. Third, in contrast to CT, CMR is 
unable to reliably determine the thickness of the CVTI, a 
potential marker of ablation difficulty. Finally, we should not 
forget the fact that CMR has limited availability in many 
institutions.

3D TEE provides excellent quality 3D images of the 
endocardial surface of the right atrium (RA). Indeed, the 
proximity of the transducer to the atrial cavities allows the 
use of high frequency crystals (5–7 MHz) with an axial spa-
tial resolution ≤1  mm. Moreover, the high difference in 
acoustic impedance between blood and the internal surface 
of the atrial wall, makes possible achieving full visibility of 
right atrial structures. Finally,the capability of displaying 
right atrial structures from different perspectives, permits 
defining anatomic details which approximate the anatomic 
specimens (Fig. 32.2). In the following paragraphs we focus 
on this latter technique and its role before and during CVTI 
ablation.

 The Use of 3D TEE Before and During CVTI 
Ablation

Before CVTI ablation, a pre-procedural 2D/3D TEE study is 
performed to rule-out thrombus. TEE may also provide the 
electrophysiologist with useful information regarding impor-
tant anatomic variants that could require modifying the pro-
cedure. For instance, the use of a long transvenous sheath 
may offer adequate support and stability of the ablation cath-
eter in the presence of a prominent and rigid EV and a long 
CVTI. A medial ablation line, closer to the coronary sinus 
ostium, could be more adequate in the presence of abundant 
pectinate muscles; conversely, a more lateral line may cir-
cumvent anatomical obstacles such as a deep sub-Eustachian 
pouch [1](Fig. 32.3 and Table 32.1).

Although routine use of 3DTEE for the anatomic charac-
terization of the CVTI before RF ablation would be desirable 
(since these patients should undergo TEE to rule out LAA 
thrombus), there are limited studies in support of such use. 
Regoli et al. [5] using 3D TEE, studied patients with typical 
atrial flutter undergoing CVTI ablation and found that these 
patients often present with an anatomically complex 
CVTI. In fact, in this study more than 30% of the patients, 
had a deep sub-Eustachian septal recess or pouch, one in 
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every four patients had a long isthmus, a prominent 
Eustachian valve and/ or ridge, and/or pectinate muscle 
encroachment on the central sector of the CVTI. The pres-
ence of a deep septal pouch (most often combined with 
another prominent feature) represented the most important 
anatomical variant that rendered achievement of a bidirec-
tional isthmus block challenging. However, it must be said 

that this was a single centre study with a limited number of 
patients, and randomized, prospectively designed studies are 
lacking.

In a proof-of-concept study, Regoli et al. [6], also assessed 
the feasibility and effectiveness of performing an anatomic- 
driven approach for CVTI ablation based on the intra- 
procedural use of 3D-TEE during the CVTI ablation 

a b

Fig. 32.3 (a and b): 3D TEE of right atrium in two slightly different perspectives of the right atrium showing Eustachian valve (EV), sub- 
Eustachian pouch (P) and the hinge line of tricuspid valve (dotted line)

a b

Fig. 32.2 (a, b) 3D TEE image of the cavo-tricuspid isthmus (CVTI)  
modified with the permission of Faletra et al. in Real-time 3D interven-
tional echocardiography page 171. Springer-Verlag London 2014. The 
dotted lines mark the three regions of the CVTI: the inferolateral (IL), 

the inferior (I) and the para-septal (S). In the image in panel a the aortic 
root (Ao), partially covers the para-septal region. A more posterior 
plane b reveals the entire CVTI. CS, coronary sinus; EV, Eustachean 
valve; TV, tricuspid valve

F. F. Faletra et al.
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procedure. Procedural data using a real-time 3D TEE-guided 
approach, were compared with a retrospective patient cohort 
treated according to the standard fluoroscopy-guided 
approach. This study showed that (a) guiding the ablation 
catheter along the isthmus with 3D TEE is feasible, (b) a 3D 
TEE guided approach was associated with a four-fold reduc-
tion in fluoroscopy time; (c) total procedure duration was 
reduced by a mean of 40 min, and the number of applications 
needed to achieve bi-directional block were almost halved. It 
should be mentioned that as remarkable as these results may 
appear, they were nevertheless influenced by a learning curve 
effect: only in the last half of the study population, electro-
physiologists completely relied on echocardiographic guid-
ance without fluoroscopic guidance.

While the intra-procedural use of 3D TEE appears prom-
ising, it has some drawbacks. First, this approach needs gen-
eral anaesthesia and the presence of a skilled 
echocardiographer for continuous monitoring during the 
procedure. This requires the allocation of many resources, 
making integration of this approach in routine clinical work-
flow rather difficult. Indeed, today CVTI ablation is an easy 
and straightforward procedure that does not need to be 
guided by 3D TEE.  A 3D TEE-guided intraprocedural 
approach may be contemplated in particularly challenging 
patients who present recurrences despite previous RF abla-
tion (roughly 5% of cases), or in those in whom avoiding 
x-ray exposure may be desirable.

 Pulmonary Veins Isolation

 Introduction

The pulmonary veins (PVs) play a relevant role in triggering 
and sustaining atrial fibrillation (AF). This is due to  extension 
of an electrically active layer of atrial myocardium that dis-
continuously covers the PVs beyond the atrio-venous junc-
tion. This irregular myocardial distribution along the PVs 

may result in an abnormal electrical activity such as ectopic 
beats, local re-entry, or sustained focal activity, which may 
eventually cause AF. Today, the most common interventional 
treatment strategy for symptomatic, drug- resistant, AF is the 
electrical isolation of PVs. The procedure consists of radio-
frequency or cryoablation delivered around the PVs with or 
without additional ablation within the LA. A pre-procedural 
definition of PV anatomy (i.e. number, size and shape) is 
therefore relevant for accurate targeting during the procedure 
and for the follow-up in case of PV stenosis. Key anatomic 
and imaging features of PV isolation are listed in Table 32.2.

 Anatomy

The PVs enter the posterior part of the left atrium (LA). In 
around 70% of the population, PV entrance consists of two 
veins for each lung. The right upper PV drains oxygenated 
blood from the right superior and middle lobes, whereas the 
left upper PV from the left superior lobe and lingula [7]. The 
lower right and left PVs receive oxygenated blood from the 
right and left inferior lobes respectively. Anatomical variants 
from the usual pattern of four PVs are rather common. In 
around 15% of the population the upper and lower PVs 
merge in a common trunk. The most frequent anatomic vari-
ant of the right PVs consists of an additional vein entering 
the LA independently [7]. The pulmonary vein orifices are 
rather oval with the maximum diameter around 16 to 20 mm. 
However, quite often PVs enter the atrial cavity with a 
“funnel- shaped” configuration, making precise delineation 
of the venous-atrial junction difficult. The region in between 
two separate ipsilateral veins is referred to as an inter-venous 
ridge (Figs. 32.4 and 32.5c).

Table 32.1 Key Anatomic and Imaging Features of the CVTI for the 
Electrophysiologist

Feature Impact
Prominent pectinates 
across the CVTI

Create a line more medially or increase 
power delivery

Prominent sub- 
Eustachian pouch

Create a line more laterally, use of 
irrigation

Prominent Eustachian 
ridge

Pre-formed sheaths, consider a lateral line

Prosthetic tricuspid 
valve

Find site where the valve has been sutured 
most ventricular to allow complete ablation

Used with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved

Table 32.2 Key anatomic and imaging features of PV isolation for the 
electrophysiologist

Features Impact
Aberrant location of 
pulmonary veins

Include in wide area circle around one 
side or both superior veins

Prominent vein of 
Marshall within the 
endocardial ridge

Consider cannulation and internal 
ablation

Pseudo diverticula on the 
left atrial vestibule

May not benefit fully from appendage 
isolation, potential perforation risk 
during linear ablation

Visualization of sinus 
node artery from left 
circumflex

Avoid lateral transverse linear ablation

Disjunction of mitral valve 
apparatus

Ablation may be required under the 
mitral valve to complete ablation of 
lateral isthmus line

Used with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved
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 Imaging Techniques

CT and CMR are the non-invasive imaging modalities com-
monly used for visualizing PV anatomy either in planar or in 
volume rendering format. Both techniques provide informa-
tion regarding the size, number, location and anatomic vari-
ants of the pulmonary veins. CMR has the unique ability to 
precisely define the location and extent of myocardial fibro-
sis. Briefly, in presence of fibrosis, gadolinium accumulates 
in the interstitial space and its clearance is reduced compared 
with normal myocardium. Late gadolinium enhancement 
(LGE) on CMR allows precise delinitation of the fibrotic 
areas and correlates with amount of fibrosis. LGE is used 
routinely to detect fibrosis in ventricular myocardium, but it 
may be adapted to detect atrial or PV fibrosis [8]. It has been 
speculated that the extension of pre-procedural fibrosis along 
the atrial wall may predict recurrence of AF and therefore 
better determine in which patient ablation may be beneficial. 
However, it must be said that detecting LGE in the atrial 
myocardium is less obvious than in the thicker ventricular 
myocardium and is subject to significant interobserver vari-
ability. Moreover, patients with atrial fibrillation have an 
irregular heart rate making it difficult to acquire clear images 
of atrial LGE.

CT is the second imaging modality used to asses PV anat-
omy [7]. CT undoubtedly has the highest isotropic spatial 

resolution (0.6 × 0.6 × 0.6 mm) and produces images of excel-
lent quality both in 2D cross section and in 3D volume render-
ing. Moreover, a modality called “virtual endoscopy” available 
using particular CT algorithms, makes the contrast transparent 
and the cavities opaque allowing for the entire roof of the LA 
along with the venous-atrial junctions to be visible in a single 
“panoramic” view. Finally, CT remains the only imaging 
modality that can provide anatomy of the coronary arteries 
along with PV anatomy. The main concern remains radiation 
exposure; however, new CT scanners are able to image the 
coronary arteries and PVs with an exposure ≤5 mSV.

3D TEE is another modality that allows imaging of the 
PV orifices [9]. Routinely, patients scheduled for PV abla-
tion must undergo 2D/3D TEE to rule-out LAA or LA 
thrombus. Thus, theoretically 3D TEE should be the ideal 
technique for determining the number, size and anatomical 
variants avoiding more complex and expansive CT or CMR 
examinations. Unfortunately, while 3D TEE may visualize 
the CVTI in almost all patients, imaging the four pulmonary 
veins in individual patients is more challenging. Whereas, 
the entire contour of the upper right and left PV orifice is 
visible in almost all cases, visualizing the orifices of the 
lower PVs may be very difficult. The difficulty in consis-
tently imaging the lower pulmonary veins may be due to the 
different angulations by which the lower veins drain into the 
left atrium (Fig. 32.5).

Fig. 32.4 anatomic specimen 
showing the four pulmonary 
veins (see text). CT, crista 
terminalis; EV, Eustachian 
valve; IVC, inferior vena 
cava; LAA, left atrial 
appendage; LLPV, left lower 
pulmonary vein; LUPV, left 
upper pulmonary vein; RAA, 
right atrial appendage; RUPV, 
right upper pulmonary vein; 
RLPV, right lower pulmonary 
vein; SVC, superior vena 
cava. With permission from 
McGraw-Hill, Hurst’s The 
Heart, 2017, Maalouf et al., 
Chap. 4 Functional Anatomy 
of the Heart
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 3D TEE During PVs Ablation

Despite the aforementioned limitations of 3D TEE, Acena 
et  al. [10]conducted a small study (22 patients), aiming to 
prospectively evaluate the ability of intra-procedural real 
time (RT) 3D TEE to visualize the PV orifices and to com-
pare this modality with an electroanatomic mapping system 

for the localization of the radiofrequency ablation catheter 
during PV ablation. Visualization of all four PVs was possi-
ble in only 18% of cases; 3 veins were visualized in 50% of 
cases and no veins could be seen in roughly 10% of cases. 
The “ultrasound pyramidal window” does not allow for 
imaging structures that are less than 1 cm from the probe, 
and being supine can produce anteroposterior pressure on the 

a b

c d

Fig. 32.5 (a, b) CT scan volume rendering showing the left upper 
(LUPV) and lower (LLPV) in panel a and the right upper (RUPV) and 
lower (RLPV) in panel b. (c, d): 3D TEE using a new algorithm which 
allows use of a movable source of light. Panel c shows the LUPV and 

LLPV, the left atrial appendage (LAA) and the left lateral ridge (ridge) 
and Panel d shows the RUPV and RLPV. Asterisk points to the inter- 
venous ridge. MV, mitral valve
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atrium such that the LA posterior wall becomes too close to 
the TEE probe.

However, these disappointing findings on the intra- 
procedural use of 3DTEE are in contrast with what was pre-
viously reported by Ottaviano and colleagues [11] who used 
3DTEE to monitor PVI procedures using cryoablation tech-
nology. In 45 patients, real time (RT).

3DTEE, successfully guided the positioning of the cryo-
balloon to achieve complete ostium occlusion in all PVs. 
Moreover, 2DTEE identified peri-ostial leakage in 13% of 
veins, implicating inadequate cryo-balloon positioning. 
Therapy without reported complications was effectively 
delivered in all patients, and freedom from AF recurrence at 
a median of 9 months was high (82%). In this single-center 
experience, RT 3D TEE guidance of cryo-balloon ablation 
was safe and feasible, allowing not only adequate visualiza-
tion of all PV ostia and neighbouring LA structures, but also 
effectively guided complete PV occlusion of the cryo- 
balloon, an essential aspect for effective cryoablation.

A more recent single-center contribution by Sun and 
colleagues [12] also reports a positive experience with 
intra- procedural 3DTEE technique on an even larger 
patient cohort (n = 80 patients) in a comparative study con-
sidering procedural end-points, namely procedure dura-
tion, fluoroscopy time, and volume of contrast injected. 
While no difference was found in terms of procedure dura-

tion and number of cryo-applications to achieve PV isola-
tion, fluoroscopy time was reduced in the 3D TEE group 
by over 60% (mean fluoroscopy time of less than 7 min) 
and mean contrast dye volume injected in this group was 
only 3 ml.

Taken together, based on current evidence that continues 
to be limited to the experience of single centers, the utility of 
3DTEE appears highly dependent on the technique used to 
perform PV ablation. The RF technique is a lengthy proce-
dure, delivering point-by-point lesions circumferentially 
around the PV ostia. This implies a lengthy, continuous, and 
precise monitoring of the ablation catheter position. Imaging 
with 3DTEE can be distorted by ablation catheter artefact, 
physiological movement (breathing, movement of the esoph-
agus), and the spatial orientation of the lower PVs, thus ren-
dering continuous monitoring very challenging even for the 
most experienced echocardiographers. The cryo-balloon 
technique, in contrast, is a quicker and more straightforward 
procedure requiring only the assessment of the correct align-
ment between the balloon and the PV ostia. Switching regu-
larly to 2D TEE mode for the assessment of peri-ostial 
leakage using color Doppler guides realignment of the bal-
loon by simply applying fine torque/ counter-torque maneu-
vers to the balloon catheter (Fig. 32.6).

Additional areas where 3D imaging is beneficial beyond 
CVTI and PV isolation are listed in Table 32.3.

a b

Fig. 32.6 (a) 3D TEE of PV ablation with radiofrequency waves; (b) 3D TEE of PV ablation with a cryoballoon
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 Conclusions

Although the aforementioned data appear promising, the 
main limitation is the lack of high-impact, well designed tri-
als that support the routine use of 3D TEE for the treatment 
of AF. Moreover, it is difficult to conceive how 3DTEE may 
be integrated in the routine workflow for monitoring PV 
ablation. These procedures are lengthy and complex. And, 
although limited available intra-procedural data have 
reported no complications related to the prolonged use of the 
TEE probe, the possibility that prolonged TEE monitoring 
may cause oesophageal heat injury cannot be excluded. This 
aspect is especially of concern when RF is delivered on the 
left atrial posterior wall. Heating of the TEE probe coupled 
with RF delivery heating in this area may act synergistically 
and cause oesophageal injury.

Lastly, it must be stated that EP procedures in contrast to 
many other catheter-based structural interventions do not 
rely on 3D TEE for intra-procedural guidance. Indeed, in 
recent years, the diffusion of electro-anatomical mapping 
systems (EAMS) with high-density mapping has consider-
ably improved the overall workflow of RF ablation proce-
dures of complex arrhythmias. This improved technology 
allows for the simultaneous acquisition of 3D anatomic 

geometry that integrates both electrical (arrythmia activa-
tion/ propagation) as well as ultra-structural (endocardial 
voltage map) information with a high degree of spatial 
 resolution [13]. Furthermore, all available EAMS are 
equipped with dedicated algorithms that monitor RF lesion 
extension and depth [14].
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The Role of CT and MRI 
in Electrophysiologic Procedures

Kathleen A. Young, Jared G. Bird, Thomas A. Foley, 
and Nandan S. Anavekar

Multimodality imaging utilizing cardiac computed tomogra-
phy (CT) and/or magnetic resonance imaging (MRI) is com-
monly employed in the procedural planning for 
electrophysiology procedures, from ablation to device 
implantation [1]. Both cardiac CT and MRI can provide 
additional information regarding the anatomy of surrounding 
structures and tissue characterization that is not able to be 
assessed fully by echocardiography.

Cardiac CT in particular has been integrated into pro-
cedural planning for atrial fibrillation ablation procedures 
as it provides information regarding anatomy of pulmo-
nary veins and atria; as well as evaluation for thrombus 
[2–4]. The left atrial appendage is the most common place 
for left atrial thrombus, particularly in atrial fibrillation 
[2]. Transesophageal echocardiography remains the gold 
standard for detection of left atrial appendage thrombus; 
however, cardiac CT has also been shown to have high 

diagnostic accuracy for detection of thrombus (Fig. 33.1, 
[2]).

For ventricular tachycardia ablation, evaluation for intra-
cardiac thrombus prior to the procedure is also important. 
While this can be assessed by echocardiography, both car-
diac CT and MRI are emerging as superior imaging modali-
ties to fully detail the character of the thrombi if present 
(Fig. 33.2, [5]). In addition, cardiac MRI is commonly uti-
lized for substrate identification and lesion evaluation, such 
as scar, prior to and following ventricular tachycardia abla-
tion (Fig. 33.3, [5, 6]). Cardiac CT is a reasonable alternative 
if there are contraindications to MRI or concern of artifact 
from a cardiac device (Fig. 33.4, [5]).

Lastly, these advanced imaging modalities are also used 
to evaluate for post-procedure complications, such as pulmo-
nary vein stenosis, which can be a complication of atrial 
fibrillation ablation procedures (Figs. 33.5 and 33.6, [2, 7]).
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Fig. 33.1 Left Atrial 
Appendage Thrombus: 
80 year old female who 
underwent contrast CT scan 
to assess pulmonary veins 
prior to atrial fibrillation 
ablation. Top image 
demonstrates incomplete 
opacification (arrow) of the 
left atrial appendage during 
initial imaging due to slow 
filling of the atrial appendage 
with contrast. Bottom image 
is repeat delayed imaging 
25 seconds later which shows 
opacification of the left atrial 
appendage with a persistent 
filling defect (arrow) 
consistent with left atrial 
appendage thrombus. Used 
with permission of Mayo 
Foundation for Medical 
Education and Research. All 
rights reserved
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Fig. 33.2 Computed 
Tomography (CT) Evaluation 
for Thrombus: Contrast 
cardiac CT demonstrating 
laminated apical and anterior 
wall thrombus (red arrows) in 
a 72 year old male. He 
presented with chest pain and 
was found to have an acute 
Type A dissection. He 
underwent surgical repair and 
post-operative CT scan 
demonstrated the left 
ventricular thrombus. Used 
with permission of Mayo 
Foundation for Medical 
Education and Research. All 
rights reserved

33 The Role of CT and MRI in Electrophysiologic Procedures



416

Fig. 33.3 Magnetic 
Resonance Imaging (MRI) for 
Evaluation of Scar Prior to 
Ventricular Tachycardia 
Ablation: 74 year old male 
who presented with 
ventricular tachycardia 
unresponsive to medical 
therapy. Cardiac MRI was 
performed to assess for 
scarring prior to VT ablation. 
There is full thickness 
delayed enhancement of the 
inferior, inferolateral, and 
inferoseptal walls consistent 
with transmural infarction 
(arrows). The patient 
underwent successful inferior/
inferolateral VT ablation. 
Used with permission of 
Mayo Foundation for Medical 
Education and Research. All 
rights reserved
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Fig. 33.4 Epicardial Grid 
Using Computed Tomography 
(CT): Non- contrast chest CT 
performed for epicardial grid 
planning in a 69 year old male 
prior to pericardial access for 
epicardial VT ablation. The 
upper image demonstrates an 
axial non-contrast CT slice 
with radiopaque markers on 
the chest (white circles) for 
mapping of the internal 
structures prior to pericardial 
access. The bottom image is a 
3D reconstruction of the chest 
with the epicardial grid 
superimposed. Images are 
taken in both inspiration and 
expiration for procedural 
planning. Used with 
permission of Mayo 
Foundation for Medical 
Education and Research. All 
rights reserved
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Fig. 33.5 Pulmonary Vein 
Stenosis on Cardiac 
Computed Tomography (CT): 
Cardiac CT demonstrating 
stenosis of the right inferior 
pulmonary vein after 
pulmonary vein isolation in a 
73 year old female. Note the 
ostial stenosis demonstrated 
by the red arrow in both the 
axial (top image) and coronal 
(bottom image) planes. Used 
with permission of Mayo 
Foundation for Medical 
Education and Research. All 
rights reserved
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Fig. 33.6 Pulmonary Vein 
Stenosis on Magnetic Resonance 
Imaging (MRI). Cardiac MRI 
demonstrating interval left 
superior pulmonary vein 
occlusion after pulmonary vein 
isolation in a 49 year old male. 
Pre-procedure imaging 
demonstrated patent left superior 
pulmonary vein (blue arrow). 
Post-procedure imaging 
6 months later demonstrated 
proximal occlusion of the left 
superior pulmonary vein (red 
arrow). Used with permission of 
Mayo Foundation for Medical 
Education and Research. All 
rights reserved
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Novel Percutaneous Techniques 
for Mitral and Tricuspid Valve Repair

Joseph F. Maalouf, Sushil Allen Luis, and Jeremy J. Thaden

 Mitral Regurgitation

There are currently several transcatheter devices undergoing 
evaluation for percutaneous mitral valve repair or replace-
ment in select patients with severe mitral regurgitation (MR) 
and the list continues to grow [1–6]. A comprehensive 
review, therefore, is beyond the scope of this chapter. 
Deployment of these novel percutaneous valve therapies is 
heavily dependent on 2D and 3D TEE guidance. One such 
device is the Edwards-SAPIEN M3 transcatheter heart valve 
(THV) [ 2, 3], a modified SAPIEN 3 valve (Edwards 
Lifesciences, Irvine-California) that is implanted via a trans-
septal approach using a nitinol dock delivery system that is 
designed to encircle and capture the native mitral leaflets and 
provide an anchor location for the M3 THV (Fig. 34.1). The 
dock is made up of an encirling turn, functional turns, and an 
atrial turn. The transcatheter docking system is advanced 
through the medial mitral valve commissure into the left ven-
tricle to encircle the mitral chordae (Fig. 34.1), and thus acts 
as a secure anchor for the M3 valve that is then deployed into 

the dock using a standard valve-in-valve implantation tech-
nique. The atrial turn is released upon withdrawing the dock 
delivery steerable catheter into the left atrium creating the 
equivalent of a surgical ring. 3D TEE plays a pivotal role in 
guiding the steerable catheter towards the mitral valve medial 
commissure.

Another THV that underwent early feasibility study is the 
Caisson transcatheter mitral valve replacement system 
(Caisson Interventional LivaNova Maple Grove, Minnesota) 
[1, 2]. This THV system is composed of a self-expanding 
nitinol docking anchor frame and a trileaflet porcine pericar-
dial valve that is housed within the docking anchor 
(Fig. 34.2). En face 3D TEE LA views are critical to align the 
advancing anchor frame feet to the mitral valve apparatus 
and commissures (Fig. 34.2). 3D TEE is also very useful to 
monitor the THV descent towards the anchor, and to assess 
anchor alignment with the mitral valve after the atrial hold-
ing frames are lowered. 3D color flow Doppler post implan-
tation is used to confirm stability of the newly implanted 
transcatheter valve and to exclude significant regurgitation.

Transcatheter edge-to-edge mitral valve repair is also 
evolving. The Edwards PASCAL transcatheter valve repair 
system (Edwards Lifesciences Corp, Irvine, CA) is currently 
being evaluated for treatment of functional and degenerative 
mitral regurgitation [6]. It consists of a central spacer to fill 
the regurgitant orifice area, two broad paddles and two clasps 
that allow for independent leaflet capture between the pad-
dles and spacer (Fig.  34.3). As with transcatheter edge-to- 
edge mitral valve repair using the MitraClip device, 3D TEE 
plays a pivotal role in guiding deployment of the PASCAL 
device (Fig. 34.4).

 Tricuspid Regurgitation

Until recently, trans-catheter interventions for tricuspid valve 
(TV) disease were restricted primarily to patients with a 
degenerating bioprosthesis (see Chap. 31). The realization 
that severe tricuspid regurgitation (TR), left untreated, has 
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Fig. 34.1 Top panel. (a): Edwards -SAPIEN M3 system showing the 
steerable catheter delivery sheath (yellow arrow), steerable catheter 
(blue arrows), SAPIEN M3 dock functional turns encircling the native 
mitral leaflets and chordae (orange arrow), encircling turn (orange 
arrowhead), and atrial turn (yellow arrowhead) (b): SAPIEN M3 dock 
showing the encircling turn (red arrow) that guides the dock implant in 
capturing the native mitral chordae, the functional series of turns that 
provide a rigid landing zone and anchor for the SAPIEN M3 valve 
(light blue arrows), and the atrial turn that suspends the device against 
the mitral annulus by anchoring it in the LA (dark blue arrow). Images 
a and b courtesy of Edwards Lifesciences LLC. Middle panel. (c): 

x-Plane showing the steerable catheter (yellow arrow) in the LA. (d): 
3D TEE enface LA view showing the steerable dock delivery catheter 
(red arrows) being directed towards the medial mitral commissure (dark 
blue arrow). Bottom panel: (e): 3D TEE enface LA view of the fully 
deployed Edwards- SAPIEN M3 valve showing the atrial turn (arrows). 
(f): 3D TEE ventricular view of the depolyed THV showing the func-
tional series of turns (arrow). Images c-f used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. A, 
anterior; AV, aortic valve; L, lateral; LA, left atrium; LV, left ventricle; 
M, medial; P, posterior; THV, transcatheter heart valve
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Fig. 34.2 Top panel (a): Caisson TMVR system showing anchor 
frame and valve. Note the four anchor feet (white arrows) and lowered 
semicircular atrial holding frames (yellow arrowheads). Image courtsey 
of Dr. Saric (b): Enface 3D TEE LA view of three of the four feet 
(arrows) of the anchor frame above the MV.Second panel (c and d): 
Two stages of the Caisson THV (arrows) descent towards the anchor 
frame in the LA as viewed on 3D TEE. Third panel (e): 3D TEE enface 
LA view of the fully deployed Caisson THV (light blue arrows) and 
lowered atrial holding frames (red arrows). (f): 3D TEE enface LV view 

of the fully deployed Caisson THV showing the three bioprosthesis 
cusps (dark blue arrows). Bottom panel: 3D TEE CFD enface LA 
views of the fully deployed Caisson THV in diastole (g) and systole (h). 
Note the trivial prosthesis regurgitation (arrow). Used with permission 
of Mayo Foundation for Medical Education and Research. All rights 
reserved. A, anterior; AV, aortic valve; CFD, color flow Doppler; I, infe-
rior; L, lateral; LA, left atrium; LV, left ventricle; LVOT, left ventricular 
outflow tract; M, medial; P, posterior; S, superior; TMVR, transcatheter 
mitral valve replacement; THV, transcatheter heart valve
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adverse prognostic implications prompted interest in correc-
tive percutaneous therapies in patients considered to be high 
surgical risk [7–15]. The majority of severe TR cases are 
functional, arising from the complex interplay of the tricus-
pid valve annulus (TVA) and right ventricle (RV) and not due 
to intrinsic anatomic TV abnormalities [16, 17]. Progressive 
dilatation of the RV and TVA leads to malcoaptation of the 
TV leaflets which with time become tethered [16, 17]. 

Because RV dilatation mainly affects the free wall, the pos-
terior and in particular the larger anterior TV leaflets that are 
anchored to the free wall are pulled away from the septal 
leaflet resulting in TV leaflet malcoaptation [16, 17]. Because 
of the varying and complex etiology of severe TR, percuta-
neous devices undergoing evaluation have sought to address 
the problem by either treating annular dilatation or leaflet 
malcoaptation, or by replacing the TV [7–15], and the list of 
transcatheter tricuspid devices being tested or in develop-
ment, analogous to mitral valve interventions, continues to 
grow [7–15]. Determination of the mechanism(s) of TR 
including site(s) of leaflet malcoaptation is therefore, critical 
prior to any intervention. With 3D transthoracic and trans-
esophageal echocardiography, enface views of the ventricu-
lar and atrial surfaces of the tricuspid valve can be obtained 
from a single imaging window analogous to imaging of the 
mitral valve (Figs. 34.5, 34.6, and 34.7) [ 7], TR severity and 
tricuspid annular dimensions can also be assessed on muti-
planar reconstruction of the 3D volumetric data sets 
(Fig. 34.7).

The FORMA device (Edwards Lifesciences, Irvine, 
California) is a valve spacer that occupies the regurgitant 
orifice of the tricuspid valve, producing a platform for leaf-
let coaptation to reduce TR [12, 13] (Fig. 34.8). A steer-
able delivery catheter is advanced into the RV to deliver an 
anchor and rail to the RV wall perpendicular to the annulus 
[12, 13] (Fig. 34.8). Under 2D and 3D TEE guidance, the 
valve spacer is advanced to the regurgitant orifice and 
positioned for maximal reduction in TR (Fig.  34.8). As 
with any transcatheter intervention, a clear understanding 
of all steps involved is a prerequisite for guiding the 
procedure.

g h

Fig. 34.2 (continued)

a

clasps up clasps down

b

Fig. 34.3 PASCAL transcatheter edge-to-edge repair device. (a): cap-
ture ready with clasps (green arrows) up. (b): in capture mode with 
clasps (green arrows) down. Dark blue arrows point to the paddles and 
red arrows point to spacer. Image courtesy of Edwards Lifesciences 
LLC
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Annular perimeter and area are also important measure-
ments for sizing and positioning of annular devices 
(Trialign, Cardioband, and TriCinch) [ 8, 9, 14, 15]. The 
Trialign system (Mitralign, Inc.) attempts to replicate the 
Kay bicusipdation procedure by plication of the posterior 
TV leaflet annulus thus improving coaptation of the ante-
rior and septal leaflet and reduction in functional TR [14]. 
Implantion of the Trialign device relies primarily on TEE. 
3D TEE in combination with biplane imaging is used to 
visualize the guide delivery system and to confirm position-
ing of the two transannular wires and pledgets necessary 
for annular plication on the posterior annulus, including 
distance between pledgets [14]. Cinching of the two pled-
get sutures and plication of the annulus can be monitored 
using Live 3D TEE [14]. Tricuspid annular reduction can 
also be achieved using the Cardioband system [9, 14, 15] 
(Edwards Lifesciences Fig. 34.9).

 Edge-to-Edge TV Repair

For patients with severe TR, TEE guided edge-to-edge TV 
repair using the MitraClip device (Abbott Vascular, Santa 
Clara, California) is being increasingly performed either in 
conjunction with MV repair or as a stand-alone procedure 
[7]. The PASCAL transcatheter valve repair system (Edwards 
Lifesciences, Irvine-California), is another edge-to-edge TV 
repair device that is undergoing clinical evaluation [10, 11]. 
Compared with the MV, anatomy of the TV is more complex 
however, and imaging by TEE is challenging because the TV 
is in the far field of the ultrasound beam, thus vulnerable to 
shadowing by the mitral and aortic valves especially when 
calcified or in presence of prosthetic valves [16]. Moreover, 
because the TV leaflets are thin when the etiology of TR is 
functional, the most common indication for edge-to-edge 
repair, imaging using 3D TEE may be suboptimal due to 

a b

c d

Fig. 34.4 Top panel. (a): The crimped PASCAL device (red arrow) at 
tip of implant catheter (dark blue arrow). (b): Partially open paddles 
(red arrows) and spacer (light blue arrow). Bottom panel. (c): capture 
ready PASCAL device with open paddle arms (red arrows) and spacer 
(light blue arrow). One clasp (green arrow) can be seen pulled up along 

side of the spacer. Yellow arrow in all images points to MV. (d): Live3D 
FV dual LA and LV layout of MV showing the fully deployed PASCAL 
device (red arrows). Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved. FV, Full Volume; 
LA, left atrium; LV, left ventricle; MV, mitral valve
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a
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Fig. 34.5 (a): Anatomic view of the triangular-shaped tricuspid orifice 
at mid-leaflet level. This view corresponds to the echocardiographic 
short-axis view. The anterior tricuspid leaflet (yellow arrow), septal 
leaflet (orange arrow), posterior leaflet (blue arrow) and right ventricu-
lar outflow tract (star) can be appreciated. Permission for image a from 
McGraw-Hill, Hurst’s The Heart, 2017, Maalouf et  al., Chap. 4 
Functional Anatomy of the Heart. (b–e): 3D TTE RV short-axis views 
of the TV from two patients showing mechanism of TR (b): end dia-

stolic frame showing all three leaflets. (c): systolic frame showing cen-
tral malcoaptation due to annular dilatation. (d and e): Pacemaker (red 
arrow) induced TR due to tethering of septal leaflet. (d): end diastolic 
frame; (e): early systolic frame. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. A, 
anterior; L, lateral; LV, left ventricle; M, medial; MV, mitral valve; P, 
posterior; PV, pulmonary valve; RA, right atrium; RV, right ventricle; S, 
septal; TR, tricuspid regurgitation; TV, tricuspid valve
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drop out artifacts. In patients with a pacemaker or ICD lead, 
edge-to-edge TV repair may be feasible if the TR is not device 
lead induced. These limitations notwithstanding, 3D TEE 
complements 2D TEE in pre procedure assessment and intra- 
procedural guidance. Whereas with 2D TEE, identifying the 
individual TV leaflets requires careful probe manipulation 
(midesophageal horizontal 4-chamber view for septal leaflet, 
short-axis aortic valve view for anterior and posterior leaf-
lets, and transgastric short-axis view to image all three leaf-
lets simultaneously), the entire TV (annulus and leaflets) can 
be imaged in real time from any midesophagel window using 
single beat Full Volume/Large volume 3D or 3D zoom (gen-
erated from the two orthogonal midesophageal views of the 
TV that include all three leaflets) [16] (Fig. 34.10). This in 
turn allows for clear delineation of the mechanism(s) of TR 

including site(s) of tricuspid leaflet malcoaptation (Figs. 34.5, 
34.6, and 34.10). And analogous to 3D imaging of the MV, it 
is important to include fixed anatomy (aortic or mitral valve, 
atrial or ventricular septum, and right ventricular outflow 
tract) that can provide the necessary intraprocedural spatial 
coordinates (Figs. 34.7, 34.10, 34.11, and 34.12).

A critical role for TEE during transcatheter tricuspid 
valve edge-to- edge repair (TTVR) is to ensure correct 
MitraClip or PASCAL device trajectory with the open arms/
paddles clearly seen as they approach the TV and to ensure 
that this trajectory is maintained as the MitraClip arms or 
PASCAL device paddles are advanced into the right ventri-
cle. Toward these ends, 3D MultiVue (Philips Healthcare) 
multiplanar reconstruction (MPR) can be a very useful tool 
for rapid real time imaging of the TV (Figs. 34.13, 34.14, 

aa

c dc d

bb

Fig. 34.6 Mechanism of TR: 3D Zoom TEE of TV from midesopha-
geal window. Top panel: Real time enface RA (a) and RV (b) views of 
the TV showing two anterior leaflet scallops (A1 and A2) separated by 
a cleft like indentation (red arrows). Bottom panel: Dual layout multi-
beat CFD in mid (c) and late (d) systole showing site of TR (yellow 
arrows). Note that there is no regurgitation through the cleft like inden-

tation (red arrows) separating the two anterior leaflet scallops. Used 
with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved. A, anterior; AV, aortic valve; CFD, color 
flow Doppler; L, lateral; LA, left atrium; M, medial; P, posterior; RA, 
right atrium; RV, right ventricle; TR, tricuspid regurgitation; TV, tricus-
pid valve
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Fig. 34.7 Pre FORMA TV device intervention 3D TEE assessment of 
mechanism and severity of TR. Top panel: 3D TEE enface RV TV 
views showing central malcoaptation of the TV leaflets (a) with second-
ary central regurgitation (b). Middle panel: Multibeat FV 3D CFD of 
TR (c) and MPR of the 3D CFD volumetric data set to quantify severity 
of TR (d). VC can be seen in transverse plane (blue box, lower left). 
Bottom panel: Measurement of TR vena contracta area (e) and TV 
annular measurement using MPR (f). Images courtesy Dr. Sorin Pislaru, 

used with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved. A, anterior tricuspid leaflet; CFD, color 
flow Doppler; FV, Full Volume; I, inferior; L, lateral; M, medial; MPR, 
multiplanar reconstruction; P, posterior tricuspid leaflet; R, right; RV, 
right ventricle; RVOT, right ventricular outflow tract; S, septal tricuspid 
leaflet; SU, superior; TR, tricuspid regurgitation; TV, tricuspid valve; 
VC, vena contracta

J. F. Maalouf et al.



431

Fig. 34.8 Intraprocedural imaging during deployment of FORMA TV 
device. Top panel. (a): 3D TEE enface RA view of TV showing 
FORMA device within TV orifice(red arrow; dark blue arrow points to 
atrial septum). (b): autocropped FV of the FORMA device (red arrow) 
as it crosses the TV orifice into the RV. Second panel. (c): 3D TEE 
enface RV view of the FORMA device (red arrow) and (d): xPlane of 
the device within the RV (red arrows). Yellow arrow points to ventricu-
lar septum. Third panel 3D CFD (e): pre procedure TR (arrow). (f): 
residual TR (yellow arrow) post deployment of FORMA device (red 

arrow). Bottom panel: TG xPlane CFD of TR (arrows) prior to (g) and 
following deployment of FORMA device (h). Both 3D and xPlane 
CFD panels show significant reduction in TR severity. Used with per-
mission of Mayo Foundation for Medical Education and Research. All 
rights reserved. A, anterior; CFD, color flow Doppler; FV, Full Volume; 
I, inferior; L, lateral; LV, left ventricle; M, medial; MPR, multiplane 
reconstruction; P, posterior; R, right; RA, right atrium; RV, right ven-
tricle; RVOT, right ventricular outflow tract; S, superior; TG, transgas-
tric; TR, tricuspid regurgitation; TV, tricuspid valve
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g bh

Fig. 34.8 (continued)

a b

c d

Fig. 34.9 Top panel (a and b): Live 3D zoom MultiVue guidance of 
Cardioband system (arrows). Middle panel (c and d): Live 3D zoom 
MultiVue of fully deployed Cardioband (red arrows) and residual TR 
on CFD (yellow arrow). Bottom panel: MPR TV annular measure-
ments before (e) and after deployment of Cardioband (f) showing 

reduction in annular area. Used with permission of Mayo Foundation 
for Medical Education and Research. All rights reserved. CFD, color 
flow Doppler; MPR, multiplane reconstruction; RA, right atrium; TR, 
tricuspid regurgitation; TV, tricuspid valve
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Fig. 34.9 (continued)

a b

c d

Fig. 34.10 3D TEE views of TV with leaflet malcoaptation. Top panel 
(a and b): Enface RV views in diastole (a) and systole (b) showing central 
leaflet malcoaptation (red arrow) and a cleft like space (yellow arrow) 
between two scallops of the anterior TV leaflet (A). Note the antero-sep-
tal commissure (white arrow), postero-septal commissure (blue arrow) 
and papillary muscle (orange arrow). Bottom panel (c and d): Same 
views from an enface RA perspective showing the anterior leaflet inter-

scallop cleft (yellow arrow) and central TV leaflets malcoaptation in sys-
tole (d). White arrow points to antero-septal commissure in diastole (c). 
Used with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved. A, anterior leaflet; AV, aortic valve; I, infe-
rior; LA, left atrium; LV, left ventricle; M, medial; L, lateral; P, posterior 
leaflet; RA, right atrium; RV, right ventricle; RVOT, right ventricular out-
flow tract; S, septal leaflet; Su, superior; TV, tricuspid valve
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Fig. 34.11 Same patient as in Fig. 34.10. 3D TEE enface views of the 
TV post deployment of two PASCAL devices. Top panel: First 
PASCAL device. (a): Enface RA view shows grasping of the anterior 
(green arrow) and septal (blue arrow) leaflets by the PASCAL device 
(orange arrow) close to the anteroseptal commissure. Note the anterior 
leaflet cleft (yellow arrow). (b): Enface RV view of the PASCAL device 
(red arrow) showing the fully deployed device paddles (white arrows) 
in relation to the anterior and septal leaflets. Blue arrow points to a 
MitraClip following edge-to-edge MV repair. Bottom panel: Post 

deployment of a second PASCAL device. Red arrows show the two 
PASCAL devices from RA (c) and RV (d) perspectives. Yellow arrow 
shows persistence of the anterior leaflet interscallop cleft, and blue 
arrow points to the MitraClip. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. A, 
anterior; AV, aortic valve; I, inferior; L, lateral; LA, left atrium; M, 
medial; MV, mitral valve; P, posterior; RA, right atrium; RV, right ven-
tricle; RVOT, right ventricular outflow tract; S, superior; TV, tricuspid 
valve
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Fig. 34.12 3D TEE CFD enface RV views of TV from same patient in 
Fig. 34.11. Top panel: Baseline pre procedure images showing central 
malcoaptation (red arrows) and anterior leaflet interscallop cleft (yel-
low arrow) with CFD off (a) and on (b). Note that in addition to regur-
gitation through the central leaflet malcoaptation, there is also 
regurgitation through the cleft. Bottom panel. (c): persistent central 
regurgitation (red arrow) and regurgitation through the anterior leaflet 
cleft (yellow arrow) following deployment of first PASCAL device 

(orange arrow). (d): Resolution of central regurgitation following 
deployment of a second PASCAL device (red arrow), but persistence of 
regurgitation through the anterior leaflet interscallop cleft (yellow 
arrow). Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. A, anterior; CFD, color 
flow Doppler; I, inferior; L, lateral; M, medial; RV, right ventricle; 
RVOT, right ventricular outflow tract; S, superior; TV, tricuspid valve
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34.15, and 34.16), and for guiding device advancement into 
the RV and alignment of MitraClip arms/PASCAL paddles 
with the targeted TV leaflets (Figs. 34.17, 34.18, and 34.19). 
3D MultiVue is usually generated from the horizontal or 
short axis midesophageal views in any 3D modality, but most 
commonly Full Volume or 3D zoom (Figs. 34.14, 34.15, and 
34.16).

Although the MultiVue function can be used to guide 
grasping of the targeted TV leaflets (usually anterior and sep-

tal with additional anterior and posterior if need be), image 
resolution for this purpose is usually suboptimal. We there-
fore, prefer the x-Plane (biplane) RV views of the TV from 
the transgastric window when feasible to guide this stage of 
the procedure (Fig.  34.20). We also prefer the transgastric 
short-axis window to ascertain adequate tissue bridging post 
clip deployment.

a ba b

Fig. 34.13 Live single beat 3D FV MPR of TV obtained from mid-
esophageal short-axis AV view to illustrate how the ATL (a, red arrows) 
and PTL (b, yellow arrows) are identified. Note that the leaflet adjacent 
to the AV is the ATL (a; red arrow top left) and the leaflet away from the 
AV is the PTL (b, yellow arrow top left). Also note that the intersection 
of the red and green lines in the 2D short-axis tomographic space (bot-

tom left a and b) and in the corresponding 3D space points to the tricus-
pid leaflet being viewed. Used with permission of Mayo Foundation for 
Medical Education and Research. All rights reserved. A, anterior; AV, 
aortic valve; ATL, anterior tricuspid leaflet; FV, Full Volume; L, lateral; 
LV, left ventricle; M, medial; MPR, muliplanar reconstruction; P, poste-
rior; PTL, posterior tricuspid leaflet; TV, tricuspid valve
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Fig. 34.14 3D FV MultiVue of the TV from mid esophageal window 
in three orthogonal planes color coded green, red, and blue rectangles 
or lines. Alignment of one plane in the form of a color coded line with 
a structure of interest will display that structure in the other two orthog-
onal planes in the form of color coded rectangles. The orientation of the 

dashed white line (see Fig. 34.15) determines the TV perspective being 
viewed (i.e. atrial or ventricular). Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. 
FV, Full Volume; LA, left atrium; RA, right atrium; RV, right ventricle; 
TV, tricuspid valve
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Fig. 34.15 Step by step approach to MultiVue imaging of the TV 
shown in Fig. 34.14 to guide TTVR: Baseline pre procedure images. 
(a): Alignment of the redline (top left, green rectangle) parallel to TV 
inflow. (b): Alignment of the green line (top right, red rectangle) paral-
lel to TV inflow. (c and d): Rotation of the dashed white line together 
with the blue line in both green and red rectangles so as to view the TV 
from its ventricular surface. (e): Alignment of the dashed white line 

with tips of the TV leaflets so as to view all three leaflets in the short- 
axis 2D tomographic space (bottom left), and adjacent 3D space. (f): 
same views with 3D image magnified. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. 
LA, left atrium; RA, right atrium; RV, right ventricle; TTVR, transcath-
eter tricuspid valve repair; TV, tricuspid valve
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Fig. 34.16 Identifying individual TV leaflets. 3D MultiVue obtained 
from a single beat FV data set of the TV from the aortic valve short-axis 
midesophageal window. (a and b): Diastolic frames of TV. (a): Red line 
positioned at the anterior TV leaflet (red arrow). The septal leaflet (blue 
arrow) can also be seen at intersection of the green line with the TV in the 
adjacent red plane (red rectangle, top right). The lateral leaflet (red arrow) 
in this plane corresponds to the anterior leaflet because the red plane (red 
line) does not cross the posterior leaflet in the 2D short-axis tomographic 
space (blue rectangle bottom left) or adjacent 3D space. Note the inter-
section of the red and green lines at the septal leaflet in the 2D short-axis 
and 3D space. (b): The red line (top left, green rectangle) is now posi-
tioned at the posterior leaflet (yellow arrow).The lateral leaflet (yellow 

arrow) in the adjacent red plane (top right, red rectangle) corresponds to 
the posterior leaflet. The septal leaflet (blue arrow) is also seen. Note the 
intersection of the red and green lines at the posterior leaflet (yellow 
arrow) in the 2D short-axis (blue rectangle bottom left) tomographic 
space and adjacent 3D space; red arrows point to anterior leaflet. (c): 
Systolic frame showing the anterior tricuspid leaflet (red arrow), septal 
tricuspid leaflet (blue arrow) and central leaflet malcoaptation (orange 
arrow). Yellow arrow points to AV.  Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. A, 
anterior; AV, aortic valve; CFD, color flow Doppler; FV, Full Volume; L, 
lateral; P, posterior; RVOT, right ventricular outflow tract; S, ventricular 
septal; TR, tricuspid regurgitation; TV, tricuspid valve

34 Novel Percutaneous Techniques for Mitral and Tricuspid Valve Repair



440

a b

c

e

g h

f

d

Fig. 34.17 Real time 3D guidance of TTVR with MitraClip using FV 
MultiVue MPR. (a): MitraClip (orange arrow) in the red plane (top 
right, red rectangle) but the clip arms are not seen. The anterior (red 
arrow) and posterior (yellow arrow) tricuspid leaflets are seen in the 
short-axis tomographic space at bottom left. (b): MitraClip arms (red 
arrows) are now clearly seen in the red plane. (c and d): MitraClip arms 
are too septal (c, blue arrow) or too lateral (d, orange arrow). (e): 
MitraClip arms are in correct trajectory with the open clip arms perpen-
dicular to septal and anterior leaflets (red arrows) in the short-axis 
tomographic space at bottom left of image. (f): correct clip arm(red 

arrows) trajectory is maintained as the MitraClip is advanced into the 
RV. (g): Splitting of the TR jet (yellow arrow) by MitraClip in the red 
plane (top right). (h): leaflet capture (red plane, top right). Yellow arrow 
points to MitraClip deployed on the MV.  Used with permission of 
Mayo Foundation for Medical Education and Research. All rights 
reserved. A, anterior; FV, Full Volume; L, lateral; MPR, multiplanar 
reconstruction; MV, mitral valve; P, posterior; RV, right ventricle; 
RVOT, right ventricular outflow tract; S, ventricular septal; TR, tricus-
pid regurgitation; TTVR, transcatheter tricuspid valve repair; TV, tri-
cuspid valve
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a b

Fig. 34.18 Real time 3D FV MultiVue CFD TEE enface views of the 
TV from the RV showing TR (arrows) before (a) and after MitraClip 
deployment (b). Note the reduction in TR following MitraClip. Used 

with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved. CFD, color flow Doppler; FV, Full 
Volume; RV, right ventricle; TR, tricuspid regurgitation

a b

Fig. 34.19 Real time 3D FV TEE enface RV views of the TV follow-
ing deployment of one MitraClip device (a, systole) showing the open 
clip arms (red, arrows), and after deployment of two MitraClip devices 
in diastole (b, red arrows). Blue arrow points to the posterior TV leaflet. 

Used with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved. A, anterior; FV, Full Volume; L, lateral; 
LV, left ventricle; P, posterior; RV, right ventricle; RVOT, right ventricu-
lar outflow tract; S, septal; TV, tricuspid valve
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Fig. 34.20 Guiding transcatheter edge-to-edge TV repair using 
x-Plane. Top panel: TG views of TV in diastole (a) and systole (b) 
showing the posterior (red arrows) and anterior (yellow arrows) tricus-
pid leaflets in short axis and corresponding orthogonal long-axis views. 
Middle panel: Advancing the MitraClip arms to capture the anterior 
and posterior leaflets. (c): open MitraClip arms (arrows) on ventricular 
surface of the targeted TV leaflets ready to be grasped. (d): Post deploy-

ment of MitraClip (arrow). Bottom panel: TR (arrows) before (e) and 
after MitraClip deployment (f). Note marked reduction in TR severity. 
Used with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved. A, anterior; L, lateral; P, posterior; RA, 
right atrium; RV, right ventricle; S, septal; TG, transgastric; TR, tricus-
pid regurgitation; TV, tricuspid valve
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Echo-Navigation

Jeremy J. Thaden and Joseph F. Maalouf

 Introduction

Traditionally, guidance of structural heart interventions has 
been performed using a combination of fluoroscopy and 
echocardiography. Fluoroscopy affords a wide field of view 
with excellent visualization of catheters and devices, but 
only limited soft tissue visualization. By contrast, echocar-
diography affords excellent visualization of cardiac soft tis-
sue anatomy but has a limited field of view and complete 
visualization of catheters and devices can be challenging. 
Additionally, fluoroscopy and TEE are typically displayed in 
different orientations, making it more challenging to men-
tally integrate the data obtained from the two modalities.

Systems are now clinically available that provide real- 
time, automated TEE-fluoroscopic fusion imaging for proce-
dural guidance (Fig. 35.1) [1]. Currently available systems 
allow the imager to transpose a point or location from the 
echocardiographic image to the fluoroscopic image, thus 
serving as a reference point on the fluoroscopic image, and 
also to overlay live 2D or 3D echocardiographic data on top 
of the fluoroscopic image [1, 2]. And, with any movement of 
the C arm of fluoroscopy, the TEE image and reference 
points are automatically relocated in accordance with the 
new x-ray projection [1]. Moreover, with 3D TEE, the echo-
cardiographer can crop, rotate, or change the transparency of 

the 3D image relative to fluoroscopy in order to highlight the 
soft tissues most relevant to the procedure and to best visual-
ize catheters and devices [1, 3]. The potential benefits include 
common TEE and fluoroscopic image orientation and the 
ability to simultaneously view catheters and devices (seen 
well by fluoroscopy) and cardiac soft tissue anatomy (seen 
well by TEE) to enhance communication and procedural 
guidance. In this chapter we will review the use of TEE- 
fluoroscopic fusion imaging for guidance of several com-
monly performed structural heart procedures.

 Transseptal Puncture

Transseptal puncture (TSP) is a common first step for a 
growing list of transseptal procedures. Precise localization of 
the TSP location is often critical to safely and effectively 
complete the procedure. TEE is the predominant imaging 
modality used to identify the location of TSP in current clini-
cal practice, but fusion imaging may facilitate a more precise 
septal puncture location and may decrease the time required 
for TSP [3, 4]. With TEE-fluoroscopic fusion imaging, the 
optimal TSP location can be identified by TEE and a fiducial 
marker can be transposed onto the fluoscopic image thus 
serving as a reference point when manipulating the catheter. 
Live 2D and 3D TEE images can also be superimposed on 
the fluoroscopic image, allowing good visualization of the 
catheter by fluoroscopy and the interatrial septum and adja-
cent soft tissue anatomy by TEE (Fig. 35.2). Following suc-
cessful TSP, the fiducial marker placed at the site of TSP can 
also be helpful to confirm guide catheter position relative to 
the atrial septum (e.g. to ensure a guide catheter in the left 
atrium has not slipped back to the right atrium).
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 Left Atrial Appendage Occlusion

TEE-fluoroscopic fusion imaging holds promise in guiding 
left atrial appendage occlusion. 3D TEE image overlay on 
the fluoroscopic image provides better appreciation of the 
guide catheter and device position relative to the soft tissue 
anatomy and has the potential to facilitate more efficient and 
safe cannulation of the left atrial appendage (Fig. 35.3). We 
frequently also mark the ostium of the left atrial appendage 
with a fiducial marker, transposed on the fluoroscopic image, 
and additional markers can be useful to better visualize the 
circumflex coronary artery and the most proximal lobe of the 
left atrial appendage, if relevant. There is potential to improve 
safety and reduce radiation exposure although supporting 
data are currently lacking.

 Transcatheter Edge-to-Edge Mitral Valve 
Repair

There is early data validating the safety of TEE-fluoroscopic 
fusion for guidance of transcatheter mitral valve repair [5]. 
In our experience, we have used fiducial markers to mark the 
site of TSP and the left upper pulmonary vein (see Chap. 29) 
on the fluoroscopic image. Live 2D and 3D TEE imaging 
with or without color Doppler imaging is also helpful to 
guide clip trajectory (Figs.  35.4 and 35.5). More data are 
needed on the impact of TEE-fluoroscopic imaging on safety 
and procedural outcomes.

a

c dd e

b

Fig. 35.1 Automated TEE probe registration for live TEE-fluoroscopic 
fusion imaging. Automated image registration relies on a high- 
resolution 3D reconstruction of the TEE probe (a). The 3D datasest is 
used as a template and matched with the observed fluoroscopic signa-
ture seen on live fluoroscopy to achieve a dynamic, automated and near- 

real time registration (b). The probe registration status is denoted using 
a color overlay, with green denoting successful registration (c), red 
denoting unsuccessful registration (D), and a transparent overlay relay-
ing indeterminate registration (e). By permission- Thaden et al. JASE 
2016 [1]
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 Percutaneous Paravalvular Regurgitation 
Closure

In our practice, aortic paravalvular regurgitation is typically 
closed from a retrograde (aortic) approach and mitral para-
valvular regurgitation is closed from an antegrade (left atrial 
approach). For aortic closure, annotation markers placed at 
the site of the defect or live echocardiographic fusion can be 
helpful to guide cannulation. Additional annotation markers 

at adjacent structures of interest such as the left main coro-
nary artery can also be helpful to avoid iatrogenic trauma 
from devices and catheters. Similarly, live fusion imaging 
can be helpful to guide cannulation of mitral paravalvular 
regurgitation defects. Fiducial markers can also be used to 
guide cannulation (Fig. 35.6), but one limitation of fiducial 
markers is that they are static markers which is less useful 
when the mitral and aortic annuli are dynamic.

Fig. 35.2 Live 3D TEE-fluoroscopic fusion imaging for transseptal 
puncture. The image in the left panel shows a view of the atrial septum 
from the perspective of the left atrium. The 3D TEE image shows a 
guide catheter (red arrow) crossing the fossa ovalis (yellow arrow). The 
panel on the right shows the fluoroscopic view with live 3D TEE images 
re-oriented to the fluoroscopic perspective. The guide catheter (red 

arrows) is seen traversing the inferior vena cava on the fluoroscopic 
image and the 3D TEE shows the catheter crossing at the level of the 
fossa ovalis (yellow arrow). Used with permission of Mayo Foundation 
for Medical Education and Research. All rights reserved. *, TEE probe; 
Ao, aortic root
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Fig. 35.3 Live 3D TEE-fluoroscopic fusion imaging for left atrial 
appendage occlusion. The image in the left panel shows a 3D TEE view 
of the left atrial appendage (LAA). The circumflex coronary artery was 
marked with an annotation marker (green marker) and the guide cathe-
ter is not well seen in the dedicated 3D TEE image. The panel on the 
right shows the fluoroscopic view with live 3D TEE images re-oriented 
to the fluoroscopic perspective. The guide catheter (red arrows) is seen 

traversing the atrial septum by fluoroscopy with the tip of the catheter 
inferior to the ostium of the LAA seen on the fused 3D TEE image. In 
this case the transseptal puncture site was marked (red circle) at the start 
of the case and serves as a reference annotation marker on the fluoro-
scopic view for the puncture site. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. *, 
TEE, transducer; LAA, left atrial appendage
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Fig. 35.4 Live 3D TEE-fluoroscopic fusion imaging for transcatheter 
edge-to-edge mitral valve repair. The image in the left panel shows a 3D 
TEE view of the mitral valve and MitraClip (Abbott Vascular, Abbott 
Park, IL). In the left atrial view, a previously deployed clip with tissue 
bridge (yellow arrow) is seen alongside a delivery system and second 
clip (red arrow). The TEE-fluoroscopic fusion image on the right more 
clearly shows the position of the steerable guide catheter (orange arrow) 

and MitraClip (red arrow) delivery system trajectory in relation to the 
mitral valve leaflets and the first clip (yellow arrow). The optimal trans-
septal puncture site was marked at the beginning of the case and can be 
seen as an annotation marker on the fluoroscopic image on the right (red 
circle). Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved. LAA, left atrial 
appendage
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Fig. 35.5 Live 2D TEE with color Doppler and fluoroscopic fusion 
imaging for transcatheter edge-to-edge mitral valve repair. The image 
in the left panel shows a 2D TEE view of the mitral valve and MitraClip 
(yellow arrow; Abbott Vascular, Abbott Park, IL) directed at a central jet 
of mitral regurgitation (red arrow). The TEE-fluoroscopic fusion image 
on the right shows the 2D and color Doppler data re-oriented and super-

imposed on the fluoroscopic image. The position of the guide catheter 
(yellow arrow) and MitraClip delivery system (orange arrow) is better 
appreciated in relation to the mitral valve leaflets and mitral regurgitant 
jet (red arrow) on the fusion image. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved. *, 
TEE, transducer; LAA, left atrial appendage

J. J. Thaden and J. F. Maalouf



451

 Conclusions and Limitations

TEE-fluoroscopic fusion imaging is an emerging tool which 
shows promise for guiding complex transcatheter structural 
heart interventions. Currently available systems provide 
automated, near-real time registration of TEE and fluoro-
scopic views for procedural guidance. Features include 
transposing markers of interest (e.g. TSP puncture site, para-
valvular regurgitant jet location, etc) from the echocardio-
graphic space to the fluoroscopic space and the capability to 
superimpose live 2D, 3D, and color Doppler echocardio-
graphic images on the live fluoroscopic views. Potential 
advantages include enhanced communication and anatomi-
cal understanding amongst the various team members. 
Particularly as we see an increase in the complexity of trans-
catheter procedures there is also potential to improve the 
efficiency of these procedures and to improve outcomes, but 
additional studies are needed on how best to apply this novel 
technology and precisely what advantages it can provide. 
Limitations of 3D TEE-fluoroscopic fusion imaging are sub-
optimal 3D spatial resolution and inability to always display 
desired enface perspectives. Another limitation of fusion 

imaging is inability to keep track of fiducial markers with 
respiratory movements or during cardiac contraction which 
may result in location annotation errors [3].
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Fig. 35.6 Live 3D TEE-fluoroscopic fusion imaging for mitral para-
valvular regurgitation closure in a patient with a mitral prosthesis. The 
image in the left panel shows a 3D TEE view of a mitral valve prosthe-
sis and a transseptal catheter (red arrows) for cannulation of a posterior 
paravalvular regurgitation defect. In this case the site of the defect was 
marked using a green annotation marker (green circle). The site of the 
regurgitant jet was marked using the echocardiographic image and the 

corresponding location is shown by the annotation marker on the fluo-
roscopic view on the right (green circle). The position of the transseptal 
catheter is better seen in the fluoroscopic view on the right (red arrows), 
which shows the catheter traversing the atrial septum, the mitral para-
valvular defect, followed by the ascending aorta. Used with permission 
of Mayo Foundation for Medical Education and Research. All rights 
reserved. *, TEE, transducer
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Evolving Role of 3D Printing in Guiding 
Interventional Procedures

Thomas A. Foley and Nandan S. Anavekar

Imaging has been central to the evolution of contemporary 
cardiovascular practice which has entered the frontier of 
therapies for complex structural heart and vascular disease. 
Underpinning the ability to successfully manage these com-
plex situations is a detailed understanding of the complex 
spatial relationships in the heart and vascular system that is 
required by cardiac surgeons, cardiologists, cardiac radiolo-
gists, and the cardiovascular device industry. In reality the 
three-dimensional (3D) relationships of cardiovascular 
structures vary greatly from patient to patient and is often not 
immediately intuitive from two dimensional (2D) images.

Despite advanced 3D imaging and display, whether from 
echocardiography, CT, or MRI, the understanding of spatial 
relationships remains limited when the images are viewed on 
a two dimensional screen (Fig. 36.1). Also, as image size can 
be scaled, it is difficult to get an accurate sense of size rela-
tionships when viewing 3D images on a 2D screen (Fig. 36.2a 
and b). These limitations can be addressed by creating a 
physical model of patient specific anatomy using 3D printing 
[1]. 3D printing is the process of creating a physical 3D 
model from volumetric tomographic images. 3D printed 
physical models allow more intuitive understanding of 3D 
spatial relationships and can be printed at 1:1 size ratio to the 
imaged structure so that life size models are created 
(Fig. 36.2c).

The process of creating a physical 3D model is composed 
of four basic steps. The first is acquisition of volumetric 
imaging data of the anatomy of interest. For cardiac imaging, 

this can be from 3D echocardiography (3DE), volumetric 
MRI, or CT. The second step is the identification and seg-
mentation of the anatomy of interest to be displayed in the 
model. There are multiple software packages available, many 
FDA approved, for segmentation of medical images. The 
third step is the preparation of the segmented data for 3D 
printing. This often requires the use of computer aided design 
(CAD) software to process the digital data. The processing 
can involve removing artifact from the data, combining parts 
in the model, adding support structure, creating openings in 
the model to improve visualization of internal structures, 
labelling anatomy, etc. The fourth step is printing the model. 
There are multiple types of 3D printers which use different 
technology to create a physical model. The printers vary in 
cost, speed, physical properties of material, build volume 
size, and ease of use. Depending on the printer and material 
used, the models can be full color, transparent, hard, soft, or 
flexible; however, most printers are not able to do all of these 
in one model.

The 3D printed models can be used for planning/simula-
tion of procedures and surgeries. 3D printed models can be 
used for a variety of indications for guiding interventional 
procedures. The models can be used to aid in visualization of 
anatomy or location of pathology prior to a procedure to 
determine procedure feasibility or to assess for likelihood of 
potential complications (Fig.  36.3). Models which provide 
patient specific anatomy have been used to aid in sizing of 
devices such as percutaneously placed valves or atrial 
appendage closure devices (Figs. 36.4 and 36.5). Models can 
also been used for simulation of patient specific procedures 
and can be connected to flow pumps to simulate physiologic 
conditions. These models have been used to teach practitio-
ners new procedures, rehearse complex procedures, and to 
aid in the learning of procedures which trainees may not be 
able to perform on live patients.

Most 3D printed models currently come from CT imaging 
due to high spatial resolution, easy availability, large image 
field of view, and frequent use of CT prior to procedures for 
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planning and/or coronary artery assessment. Cardiac MRI is 
also frequently used; however, a special imaging sequence 
with high spatial resolution in all three planes needs to be 
obtained at the time of image acquisition to allow for a high 
quality model to be made. 3DE images can also be used to 
create a model (Fig. 36.6); however, 3DE images are limited 
by smaller field of view and image noise. Currently most 
reported models for 3DE have been focused models of the 
cardiac valves or septal defects.

Moreover, the use of 3D printed models can be used to 
tailor education to different learners. 3D printed models are 
being used to effectively teach complex cardiac anatomy to 
cardiology and cardiovascular surgery fellows. Training pro-
cedural techniques has been traditionally time consuming 
and has the potential to be implicated in procedural compli-
cations. Simulation using 3D models is emerging as a funda-
mental resource for teaching procedural techniques for 

trainees acquiring advanced skill sets in the field and may 
evolve to represent a new standard of care. Finally, we have 
found that 3D printed models are also effective tools for 
communication within healthcare teams and with patients. 
Within the practice, specific 3D models used to explain dis-
ease processes and planned procedures enhanced patient 
understanding and facilitated shared decision making and 
informed consent, which ultimately improves patient 
satisfaction.

Current limitations for 3D printing are availability of 3D 
printers. Segmentation and processing can require signifi-
cant amounts of time to create the model. While 3D printers 
have seen reduction in prices, there remains a cost to pur-
chase, maintain, and buy 3D printing material. There are 
also limited studies demonstrating the effectiveness of 3D 
printing in reducing costs, complications, or time of 
procedures.

Fig. 36.1 3D volume rendered images from a CT angiogram in a 
6 year old male with pulmonary atresia and ventricular septal defect. 
The aorta, pulmonary arteries, and trachea are displayed. Aorto- 
pulmonary collateral vessels are also displayed (arrows); however, rela-

tionship of the collaterals with adjacent structures such as the trachea 
was limited and difficult to fully understand from these images. Used 
with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved
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a

c

b

Fig. 36.2 3D volume rendered image showing the aorta and pulmonary 
arteries created from a CT angiogram of a 60 year old man with a 6 cm 
ascending aortic aneurysm (a) and 3D volume rendered image showing 
the aorta, pulmonary arteries, trachea and collateral arteries in the 6 year 
old with pulmonary atresia and VSD from Fig. 36.1(b). Because of scal-

ing of the images, the size of the aorta looks similar in both cases. (c). 
Life size 3D printed models show the actual size of the aorta in patient 
from Fig. 36.2a and the relationship of the collaterals to the trachea in 
patient from Fig.  36.1 and 36.2b. Used with permission of Mayo 
Foundation for Medical Education and Research. All rights reserved
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a b

c d

Fig. 36.3 Short axis (a) and long axis (b) reformmated CT angiogram 
images from a patient with a mitral valve prosthesis and left ventricle to 
left atrial appendage fistula. Virtual 3D model (c) created from the CT 
images viewing the fistulous connection through the dilated left atrial 
appendage (arrow). The prosthetic mitral valve is seen through the fis-
tula opening (gray structure, white arrow). 3D printed model (d) show-

ing the location of the fistulous connection and the prosthetic valve 
(black arrow). The 3D printed model showed that the opening of the 
fistula was too close to the prosthetic valve to allow for a percutaneous 
closure. Used with permission of Mayo Foundation for Medical 
Education and Research. All rights reserved
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a b

Fig. 36.4 3D printed models from a patient with a prior tricuspid 
annuloplasty and severe tricupsid valve regurgitation used to size a per-
cutaneous tricuspid valve placement (a). Model before showing site of 
tricuspid annuloplasty, yellow arrows). Used with permission of Mayo 

Foundation for Medical Education and Research. All rights reserved. 
(b). Model after off label placement of a percutaneous prosthetic valve 
(white arrows) [2] (By permission- Cabasa et al. JACC 2015)

Fig. 36.5 3D printed models from CT data used to test various sizes of left atrial appendage occluder devices (white arrows) for prediction of leak 
around the device. Used with permission of Mayo Foundation for Medical Education and Research. All rights reserved
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Fig. 36.6 Reformated images from a 3D transesophageal echocardio-
gram (a and b) showing valve anatomy segmented for printing (purple 
outline) in a patient with a history of endocarditis complicated by per-
foration and windsock deformity. 3D printed models from the same 

patient shown from the atrial (c) and ventricular (d) perpective showing 
the windsock deformity and perforation (white arrows). Used with per-
mission of Mayo Foundation for Medical Education and Research. All 
rights reserved
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