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Abbreviations

2D = Two-dimensional
3D = Three-dimensional
AR = Aortic regurgitation
AS = Aortic stenosis
ASD = Atrial septal defect

ASE = American Society of
Echocardiography

AV = Aortic valve

CT = Computed tomography
CW = Continuous-wave

DE = Deep esophageal

DT = Deep transgastric

IAS = Interatrial septum

IVC = Inferior vena cava
LAA = Left atrial appendage
LV = Left ventricular

LVOT = Left ventricular
outflow tract

MAC = Mitral annular
calcification

ME = Midesophageal

MR = Mitral regurgitation
MS = Mitral stenosis

MV = Mitral valve

PA = Pulmonary artery

PFO = Patent foramen ovale

PISA = Proximal isovelocity
surface area

PR = Pulmonic regurgitation
PS = Pulmonic stenosis
PV = Pulmonic valve

RVOT = Right ventricular
outflow tract

SAX = Short-axis
SVC = Superior vena cava

TAVI = Transcatheter aortic
valve implantation

TEE = Transesophageal
echocardiographic

TG = Transgastric
TR = Tricuspid regurgitation

TTE = Transthoracic
echocardiography

In the American Society of
Echocardiography (ASE) guidelines
for performing a comprehensive
transesophageal echocardiographic
(TEE) examination, a standard 28-
view (Table 1) imaging protocol as
well as specific structural imaging
assessments  were  introduced.’
Interventional echocardiography is
increasingly recognized as a subspe-
cialty requiring advanced training
for intraprocedural guidance.**
However, acquisition of
preinterventional TEE images by a
level lI-trained echocardiographer
is accepted standard practice. The
purpose of the present document
is to provide a reference guideline
focused on the acquisition of essen-
tial preinterventional TEE images
that would help identify (1) the
mechanism of structural or valvular
dysfunction, (2) the hemodynamic
and anatomic severity of the dis-
ease, and (3) the specific anatomic
features that allow appropriate de-
vice selection or exclusion.
Intraprocedural imaging, whether
by transesophageal or intracardiac
echocardiography, is not covered,
but rather a general approach to
TEE screening of the structural
target (e.g,, aortic valve [AV], mitral
valve [MV], or tricuspid valve [TVI;
left atrial appendage [LAAI; septal
defect) is described. It is not our
intent to suggest that complete im-
aging protocols specific to each
structure should be performed in
all patients. Rather, protocols
should be tailored to be compre-
hensive but focused on the
abnormal structure identified and/
or transcatheter intervention under
consideration, thus facilitating
assessment of device candidacy,
procedural planning, and intrapro-
cedural imaging guidance.

The present document is
divided as follows: section | offers
a review of the comprehensive
TEE examination, including basic
two-dimensional (2D) and three-
dimensional (3D) image acquisi-
tion. Section Il  presents
structure-specific imaging proto-
cols for assessment of the AV,
MV, pulmonic valve (PV), TV,
left atrial appendage, atrial
septum, and ventricular septum.

TV =

UE = Upper esophageall

VSD
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SECTION I: REVIEW OF THE
COMPREHENSIVE TEE
EXAMINATION

Tricuspid valve

= Ventricular septal

defect

A. Two-Dimensional

Echocardiographic
Acquisition

The American College of Cardiology clinical competence state-
ment on echocardiography’ addresses the minimum knowledge
required for the performance and interpretation of transesophageal
and perioperative echocardiography in adults. For structural heart
intervention screening, we recommend acquiring the 28 views of

the
(Table

comprehensive

TEE examination' whenever possible
1). The 2013 transesophageal echocardiography guideline

defined the terminology for probe manipulation (Figure 1A), and
while the 2013 guideline defines the terminology for four levels
of imaging (Figure 1B) as upper esophageal (UE), midesophageal
(MB), transgastric (TG) and deep TG (DT), the current guideline
adds a fifth level of imaging, the deep esophageal (DE) view

Table 1 Comprehensive TEE examination views

30 views of the comprehensive TEE examination®

0 N O WD =

28.

. ME five-chamber view

. ME four-chamber view

. ME mitral commissural view

. ME two-chamber view

. ME long-axis view

. ME AV view

. ME ascending aorta long-axis view
. ME ascending aorta SAX view

. ME right pulmonary vein view

. ME AV SAX view

. ME right ventricular inflow-outflow view
. ME modified bicaval TV view

. ME bicaval view

. ME right and left pulmonary veins view
. ME LAA view

. TG basal SAX view

. TG LV midpapillary SAX view

. TG ventricular apical SAX view

. TG right ventricular basal view

. TG right ventricular inflow-outflow view
. DT five-chamber view

. TG two-chamber view

. TG RV inflow view

. TG long-axis view

. TG to ME descending aorta (SAX)

. TG to ME descending aorta (long axis)

. UE aortic arch SAX to long axis

UE aortic arch SAX view

Additional imaging level and views

29
30

. DE right ventricular two-chamber view
. DE right ventricular inflow-outflow view

RV, Right ventricular.
*For tables of the original 28 views, see Hahn et al.
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HIGHLIGHTS

e Pre-interventional TEE acquired by a level Il trained echocardi-
ographer is standard practice.

e The current reference guideline focuses on the acquisition of
pre-interventional TEE images that would help accurately
identify the mechanism, severity and anatomy of structural/
valvular dysfunction.

e Imaging protocols should be tailored to be comprehensive but
focused on the abnormal structure identified and/or transcath-
eter intervention under consideration.

e Appropriate image acquisition will facilitate assessment of de-
vice candidacy, procedural planning and intra-procedural im-
aging guidance.

between the ME and TG levels, which is particularly useful for im-
aging right heart structures (Table 1, Figure 1B).

In this document we describe the image acquisition required for
valvular disease quantitation, but the reader is otherwise referred to
the referenced guidelines for details of functional assessment.®” Of
note, with any structural heart pathology, an assessment of pulmonary
artery (PA) systolic pressure, derived from the tricuspid regurgitant jet
and an estimate of right atrial pressure, is recommended.® Note that

Hahnetal 3

when tricuspid regurgitation (TR) is severe, this method may be less ac-
curate.” There are a variety of methods for assessing PA mean and dia-
stolic pressures if these measurements are required.'”

B. Three-Dimensional Echocardiographic Acquisition

The assessment of structural heart disease abnormalities requires a full
understanding of 3D technical principles as well as a systematic
approach to image acquisition, analysis, and display of the various car-
diac structures, including knowledge of the limitations of the different
3D techniques, described in prior ASE guidelines.!" Advanced 3D im-
aging display and navigational tools may be helpful (Figure 2).
Acquiring 3D volumes of the cardiac structures (i.e., valves and
LAA) should be a standard part of the TEE examination, permitting
immediate as well as postacquisition processing.

The methods available for 3D data acquisition include (1) simulta-
neous multiplane or biplane imaging, (2) real-time or live 3D imaging,
and (3) electrocardiographically triggered multiple-beat 3D imaging.
The 3D study usually starts with real-time imaging modes such as
live and narrow-angle acquisition. However, gated 3D modes,
including 3D color Doppler, should also be used whenever electrocar-
diographic gating is possible to take advantage of the improved spatial
and temporal resolution of these wide-angle acquisitions (Figure 3).

Current 3D systems have different resolutions for each of the three
dimensions, with axial resolution (~0.5 mm) better than lateral or
azimuthal (~2.5 mm) and elevational resolutions (~3 mm).'?

Figure 1 Probe manipulation and levels of imaging. The terminology for probe manipulation (A) is as follows: (1) advancing or with-
drawing the probe within the esophagus, (2) rotating the probe clockwise (toward the right chest) or counterclockwise (toward the left
chest), (3) axial flexion of the probe (anteflexion and retroflexion), (4) lateral flexion of the probe (right flexion and left flexion, and (5)
mechanical rotation (forward rotating by increasing the degrees of rotation and backward rotating by decreasing the degrees of rota-

tion). The five levels of imaging (B) are UE, ME, DE, TG, and DT.
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Figure 2 Real-time 3D image cropping and rendering tools. Real-time cropping of the volume-rendered image can be performed with
on-cart cropping tools. In a patient with a flail MV P2 segment (A and B, red arrow), real-time cropping tools allow the imager to rapidly
position the crop plane (yellow lines), resulting in the real-time display of the MV from a surgeon’s view (A) or looking at the lateral
commissure (B). Panels C and D are examples of real-time 3D multiplanar reconstruction of the TV (without and with color Doppler,
respectively), with on-axis alignment of the tricuspid regurgitant coaptation gap (blue lines) and a SAX image of the regurgitant orifice
in the blue plane (blue box). Various rendering tools such as surface rendering (E) and photorealistic imaging (F, yellow arrow points to
a flail P2 segment) may be useful. A, Anterior; AL, anterolateral; Ao, aorta; P, posterior; PM, posteromedial.

These differences create “nonisotropic voxels” such that slight
changes in imaging angles or levels may result in a different 3D echo-
cardiographic appearance of the same cardiac structure. Awareness of
these limitations will help determine the best imaging plane(s) for a
specific abnormality. Optimization and alignment of cross-sectional
2D imaging planes within the 3D volume, or multiplanar reconstruc-

tion, allows accurate quantification of structural dimensions and areas.
Measuring directly on a 3D-rendered image is discouraged because
(1) the object to be measured may be off axis in the 3D volume,
changing the structural appearance compared with an on-axis image
(i.e., parallax), and (2) increased slice thickness of a 3D volume may
accentuate structures in the near or far field, preventing a clear
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Figure 3 Three-dimensional volume acquisition methods. Three-dimensional images can be acquired as a single-beat 3D volume or
multibeat spliced volume (A). To increase the temporal and spatial resolution of a 3D image, splicing acquires narrow volumes of infor-
mation over several heartbeats and then stiches them together to create a larger volumetric data set. This method of data acquisition
compensates for the poor temporal resolution of a single-beat full volumetric real-time 3D echocardiographic acquisition (B). In a patient
with atrial fibrillation, the systolic time interval shows less variability (C, green arrows) compared with the diastolic time interval. Thus, ina
3D color Doppler volume of MV regurgitation using six subvolumes (D, E), stitch artifacts in diastole (D) may not be prominent in systole
(E), although undetectable splice artifacts can exist. Panels A and B reproduced with permission from Lang et al."”

delineation of the structure of interest. A three-step approach,
described in Figure 4, can be used to align a 2D imaging plane within
the 3D volume using on-cart software. More recent advances (real-
time multiplanar reconstruction) enable 2D reconstruction of real-
time 3D acquisitions. A multibeat spliced image is not typically
used when precise measurements (e.g., aortic annular area or perim-
eter) are required because undetectable splice artifacts may signifi-
cantly affect the measurements. When multibeat acquisitions are
required (e.g., to optimize volume rates), using this multiplane display
will depict the subvolumes in the elevational plane, allowing the
imager to choose multibeat volumes without obvious splice artifacts.
Other 3D artifacts are listed in Table 2."

SECTION lI: STRUCTURE-SPECIFIC IMAGING PROTOCOLS

A. Assessment of the AV

Transcatheter AV implantation (TAVI) has become standard therapy
for many patients with severe aortic stenosis (AS).* In addition,
commercially available' and investigational >'® devices have been
used to treat native aortic regurgitation (AR). Although its role has

evolved, echocardiography continues to be essential before, during,
and after TAVL'” Preprocedural TEE imaging to evaluate the AV
and aortic root complex may be appropriate, particularly when
contrast-enhanced computed tomography (CT) is contraindicated
or unavailable or when anatomic features seen by transthoracic echo-
cardiography (TTE) raise concern for TAVI feasibility or suggest a high
risk for complications. Physicians involved in the care of TAVI patients
should be familiar with the acquisition and interpretation of relevant
TEE images and be able to use them for shared decision-making
before interventions.’

1. AV Anatomy. The AV is composed of three cusps attached in a
semilunar fashion along the entire length of the aortic root, with the
highest point of attachment at the level of the sinotubular junction
and the cusp nadirs defining the “virtual annulus”'® (Figure 5).
Short-axis (SAX) images from the aortic side at the level of the cusps
(Figures 5A and 5B) are the most useful for determining cusp
morphology and pathology. Imaging from the left ventricular (LV)
side (Figures 5C and 5D) may uncover subvalvular pathologies. The
majority of the annulus is composed of the base of the interleaflet
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Figure 4 Three-step approach to quantify cardiac structures. Step 1: two orthogonal 2D planes (green and red boxes) are oriented
perpendicular to the structure to be measured. In the examples shown, the green and red planes are perpendicular to the MV orifice
(A) or the regurgitant MV color Doppler jet (B). Step 2: the third orthogonal 2D plane (blue box) is now the SAX view and is positioned at
the level of the structure to be measured. In the examples shown, the blue plane is placed at the level of the mitral leaflet tips (A) or
regurgitant vena contracta (B). Step 3: the structure in the SAX plane (blue box) is measured. In the examples shown, the MV area (A)
or vena contracta area (B) is planimetered. Note that the 3D image in the lower right-hand corner can be used to confirm the orien-

tation of the three orthogonal imaging planes.

triangles, or trigones (Figures 5E and 5F). The ventricular-arterial junc-
tion between the ventricular myocardium and fibroelastic wall of the
aortic root has muscular and fibrous elements and includes the mitral-
aortic curtain and membranous septum and adjacent conduction sys-
tem.'” The length of the membranous septum may be an important
anatomic predictor of heart block following TAVI.*°

2. General Imaging Protocol for the AV
(Table 3). ME Views. ME SAX (40°-60° mechanical rotation),
long-axis (110°-140° mechanical rotation), or biplane imaging of
the AV (Figure 6) is integral for assessing valve morphology: a
tricuspid AV (Figures 6A and 6B) or bicuspid AV (Figures 6C and
6D) can be distinguished by visualizing cusp opening and closing

with 2D (Figures 6A and 6C) or color Doppler (Figures 6B and
6D) imaging. The long-axis view of the AV is essential for analyzing
leaflet pathology (Figures 6E and 6F), the basal LV septum, and sub-
aortic pathology. Aortic measurements are performed from the ME
long-axis view at end-diastole, using the leading edge—to—leading
edge technique (Figures 7A and 7B).?! The aortic annular diameter
is measured in the sagittal plane, from a high-resolution, zoomed
ME long-axis view of the AV with the LV outflow tract (LVOT) aligned
with the aortic root, perpendicular to the ultrasound beam
(Figure 7C). From this view, the interleaflet trigone between the non-
coronary and left coronary cusps is typically seen posteriorly, while
the image should bisect the right coronary cusp anteriorly with the
leaflet nadir identifying the level of the annulus (Figure 7D). The
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Type of artifact Mechanism Impact on images 3D example

Stitching Incorrect juxtaposition at the Strong demarcation between
interface of sequential subvolumes leading to a
subvolumes (because of “broken” image
arrhythmias, breathing,
probe/patient motion)

Dropout Poor echocardiographic signal These artifacts can be
strength due to weak misdiagnosed as true holes/
echoes perforations

Blurring Indistinct edges of structures Thin structures (i.e., sutures)
due to the assembly of appear thicker than they are
nonisotropic voxels (2° to
differences in
axial > lateral > elevational
resolution)

Blooming Metallic structures when Metallic structures appear with

Railroad-shaped

Reverberations

Shadowing

Gain

intersected by ultrasound

produce fringes extending
beyond the borders of the
metallic devices/catheters

In large catheters with wide
lumens, two surfaces are
perpendicular to the
ultrasound beam, producing
strong echoes, while the
other two are tangential,
producing very weak
echoes

Multiple reflection of metallic
component of catheters

Inability of ultrasound to pass
through strong reflecting
catheters/devices

Variation of gain may produce
significant variation in the
size of structures

irregular, thick edges

Single catheter appears as two
linear structures

Depending on the perspective
and the position of catheter,
reverberations may appear
to lengthen the catheter

Lack of tissue posterior to
catheters/devices that may
appear as a “tear” of
cardiac structures

Orifices may appear larger or
smaller according to gain
variation

Modified with permission from Faletra et al.’®
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LVOT or annular measurement in systole should use the right cusp
hinge as the anterior point of measurement and the posterior aortic
root at the base of the interleaflet trigone (perpendicular to the aortic
root) as the posterior point. Although guidelines suggest that the
LVOT measurement should be made 0.5 to 1.0 cm from the annulus,
studies indicate that calculating AV area using the LVOT measured at
the annulus is more reproducible and accurate.>>*> Other aortic anat-
omy, such as the coronary height above the annular plane and length
of the AV cusps, can be measured from 2D reconstructed images us-
ing a 3D zoomed volume (Figure 7E). This information is used to
determine the risk for coronary artery occlusion during valve deploy-
ment or balloon valvuloplasty. Three-dimensional rendered or multi-
planar imaging can also be used to define morphology and quantify
valve area or regurgitation severity (Figure 8).

TG and DT Views. DT views are essential for assessing AV function.
The DT five-chamber view (Figure 9A) is important for comprehen-
sive Doppler assessment of AV function. With AS, the pulsed-wave
Doppler sample volume is positioned just proximal to the flow
convergence in systole (Figure 9B), whereas for AR, the sample vol-
ume should be at the level of annulus in systole. The stroke volume
is calculated using the systolic LVOT diameter from ME views
(Figure 7A,C). Continuous-wave (CW) Doppler across the AV is
used (Figure 9C) to calculate AV area. A TG long-axis view at 80°
to 120° should be attempted (Figure 9D), as this imaging plane typi-
cally will allow ultrasound beam alignment with jets that are directed
more anteriorly or toward the right. Studies have suggested that up to
50% of patients with AS will have the maximum velocity recorded
from the right parasternal window on TTE,** and the TG view at
80° to 120° is a close approximation of this imaging window. If a for-
ward stroke volume is required for calculation of AR volume, then the
right ventricular outflow tract (RVOT) stroke volume should be ac-
quired (Figure 9E-9H). For accurate assessment of stroke volume,
we recommend obtaining PW Doppler from the TG or DT view
for both the LVOT and RVOT calculations. Alternatively, the UE
view can be used for RVOT stroke volume if the TG views are not
feasible and this alternative view is aligned with the ultrasound beam.

3. AV Stenosis. Valve Morphology and Severity of AS. The
severity of AS is accurately determined by transthoracic 2D and
Doppler echocardiography.” In the setting of nondiagnostic TTE,
TEE imaging can be used to determine the morphology of the AV
and aortic root. Whereas prior studies had questioned the accuracy
of 2D and 3D planimetry of the AV area,®> more recent studies
have suggested that 2D planimetry of the AV area with TEE imaging
is accurate compared with 3D ex vivo scanned valves*® as well as
CT.?”?® However, this method requires experience to identify the
appropriate image of the leaflet tips without acoustic dropout and
may not be possible in 15% to 25% of studies.””*®

Aortic Annulus and Root. Measurement of the “virtual annular”
perimeter, diameter, or area may be used to size TAVI valves. A
user-defined 3D zoom acquisition should be acquired to perform
these measurements, being careful to include the entire annulus,
but limiting the size of the volume to optimize frame rate
(Figure 10). Once the annulus is identified on multiplanar reconstruc-
tion (Figure 10A), measurements of the annular area, perimeter, and
orthogonal diameter can be performed. Manual indirect methods
(Figure 10B) have been validated against CT,'” but more recently
introduced automated software packages (Figures 10C and 10D) still
require adequate validation.

Journal of the American Society of Echocardiography
W 2021

4. AV Regurgitation. Valve Morphology and Severity of
AR. Assessing AR uses the same imaging windows as for AS and in-
cludes annular measurements and assessment of risk for coronary ar-
tery obstruction (Figure 7). Although TTE may be sufficient to assess
AR severity, TEE imaging is frequently needed to assess the AR mech-
anism (Figure 11) and for further quantification of eccentric jets, as
these may be difficult to visualize with TTE."**°

AR Quantitation. Doppler assessment of AR should be attempted
whenever the jet is aligned with the ultrasound beam. Because leaflet
prolapse is a common etiology of AR (Figure 12A), regurgitant jets
may be eccentric and thus aligned parallel to the ultrasound beam
from on-axis (or slightly off-axis) ME views (Figure 12B).
Assessment with CW (Figure 12C) and color (Figure 12D) Doppler
can be performed. If the AR jet is perpendicular to the ultrasound
beam from ME views, Doppler assessment can be performed from
DT views. This assessment should include proximal isovelocity sur-
face area (PISA) quantitation when possible (Figure 12E), LV stroke
volume calculation, using pulsed-wave Doppler with the sample vol-
ume at the level of the aortic annulus (Figure 12F), and CW Doppler
to assess AR pressure half-time, velocity-time integral, and jet density
(Figure 12Q). It is important to remember that color Doppler jet area
and length should not be used to quantify AR and that the width of
the vena contracta may be overestimated from TG views because
of suboptimal lateral or azimuthal resolution. Diastolic flow reversal
in the descending aorta should be assessed from both TG
(Figure 12H) and mid to high esophageal (just distal to the aortic
arch) views; significant AR is more likely when holodiastolic flow
reversal is detected in distal portions of the aorta (Figure 12]).

D. Assessment of the MV

1. MV Anatomy. The MV is a complex structure comprising the left
atrial wall and annulus, leaflets, commissures, chordae tendineae,
papillary muscles, and left ventricle.*°*? The mitral annulus is
defined by the convergence of the atrial and ventricular muscular
walls, the hinge line of the mitral leaflets, epicardial adipose tissue, a
discontinuous cord of fibrous tissue on its posterior aspect, and a
band of robust connective tissue (mitral-aortic curtain or
intervalvular fibrosa) on its anterior aspect (Figure 13A).>* The mitral
annulus is often described as having a saddle-shaped morphology on
3D studies with anterior and posterior peaks, and with nadirs near the
fibrous trigones.”* The horn of the saddle is the continuous transition
from the anterior MV leaflet to the mitral-aortic curtain (Figure 13B);
however, the hinge point of the anterior mitral leaflet is ventricular to
the aortic annulus (Figure 13C), making the anterior horn more virtual
rather than a well-defined anatomic structure. Measurement of the
annulus on multimodality imaging often uses the trigone-to-trigone
distance, converting the annulus into a “D-shaped” structure; the
straight component is conventionally named the anterior mitral
annulus, while the curved component is the posterior mitral annulus
(Figure 13A).%°

Two leaflet segmentation schemes have been proposed: the orig-
inal Carpentier classification’® and a modification thereof.>”
Because the posterior leaflet typically has two well-defined indenta-
tions, the classic Carpentier scheme refers to separate scallops as P1
(anterolateral), P2 (middle), and P3 (posteromedial). The anterior
leaflet is typically devoid of indentations, and its segments are named
according to the opposing posterior leaflet scallops: Al, A2, and A3
(Figure 13A). Commissural tissue varies from several millimeters to
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Figure 5 Anatomy of the AV and annulus. Panels A and B are 3D TEE images showing the AV leaflets from an aortic perspective in (A)
systole and (B) diastole. The left coronary cusp (L) lies below the ostium of the left main coronary artery (red asterisk, B). The anteriorly
positioned right coronary cusp (R) is adjacent to the RVOT (note that the right coronary artery is notimaged). The noncoronary cusp is
adjacent to the IAS. Imaging from the ventricular perspective in (C) systole and (D) diastole helps identify LVOT abnormalities. The
aortic root and sinuses of Valsalva (E) are shown by computed tomographic images (electronic endocast). The dotted line follows the
hinge of the leaflets, which assumes a crown-shaped configuration. The three red dots identify the nadir of the hinge lines and thus the
plane of the “virtual annulus” (white ellipse). The noncoronary sinus of Valsalva (N), right sinus of Valsalva (R), and left sinus of Valsalva
(L) are noted. This anatomical specimen (F) shows the ventricular-arterial junction, which is partially muscular (black dotted doubled
arrow) and partially fibrous (red and violet dotted double arrows). The fibrous component comprises the mitral-aortic curtain (red dou-
ble arrow) and the membranous septum (violet double arrow). ILT, Interleaflet triangle; L, left coronary cusp or sinus of Valsalva; LA,
left atrium; LVOT, left ventricular outflow tract; N, noncoronary cusp or sinus of Valsalva; R, right coronary cusp or sinus of Valsalva;
RVOT, right ventricular outflow tract.
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Table 3 AV imaging protocol

Imaging level: ME AV SAX view 40°-60°

Acquisition protocol:

e Clockwise or counterclockwise rotation of
the TEE probe will show various aspects of
the AV or prosthesis.

e Counterclockwise rotation or retroflexion for
visualization of LVOT SAX.

Planar imaging Volumetric imaging Functional imaging

(Continued)
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Imaging level: ME AV SAX view 40°-60°

A. AV ME SAX images showing three aortic

valve leaflets in systole.

B. Counterclockwise rotation, retroflexion, or

advancement from A to visualize LVOT just
below the AV leaflets.

. User-defined 3D acquisition in triplane

view from a primary ME SAX view ensuring
acquisition of entire aortic root. The
primary view and two orthogonal planes
are represented in the triplane display.

. Three-dimensional en face view of the AV

during systole demonstrating leaflet
anatomy.

. Three-dimensional sector-based color

Doppler from the primary ME SAX view in
biplane view ensuring inclusion of central
AR jet in volume set. For assessment of the
central AR jet, it is not necessary to acquire
the entirety of the annular plane.

A. Biplane color Doppler imaging from

primary ME SAX view with tilt plane off-
center elucidates paravalvular leak from
outer edge of medial aspect of prosthetic
sewing ring on the orthogonal view on the
right.

. SAX color Doppler image demonstrating

AR arising from the center of leaflet
coaptation.

Imaging level: ME AV long-axis view 110°-140°

Acquisition protocol

Maneuver: advance, anteflex.

Add biplane views as needed.

Probe advancement + anteflexion used to

see ventricular aspects of prosthetic frame

or native/prosthetic leaflets.

Probe withdrawal = retroflexion used to see

aortic aspects of prosthetic frame or native/

prosthetic leaflets.
Required angle for LVOT and AV imaging is
often >120°.

Planar imaging

Volumetric imaging

Functional imaging

(Continued)
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Imaging level: ME AV long-axis view 110°-140°

A. AV long-axis view used to measure LVOT A.

diameter.

B. Biplane image from primary ME long-axis
view with orthogonal image at mid AV
leaflets demonstrating orthogonal tricuspid

AV thickened leaflets. B.

Three-dimensional narrow-sector view
demonstrating AV anatomy. The narrow
sector in the elevation plane (into screen)
translates to a direct visualization of the
primary three-chamber 2D plane in 3D.
Three-dimensional color Doppler narrow-
sector view in biplane mode, centered on
paravalvular jet.

A. Aortic long-axis view demonstrating

B.

central AR jet VC (white arrows) measured
at narrowest color Doppler convergence.
Color jet width in LVOT (yellow arrows) is
measured just apical to the AV in the
LVOT.

Aortic long-axis view with advancement/
anteflexion with tilt plane on AR jet to
elucidate the paravalvular leak origin on
orthogonal view (red arrow).

. Three-dimensional VCA measurement on

multiplanar reconstruction. The VC is
localized intwo long-axis planes (upper right
and lower left) and measured by planimetry
in the SAX view (upper left, green box).

Imaging level: DT view 0°-30°

Acquisition protocol

e From the DT level at 0°-30°, anteflexion
brings LVOT/AV into view.

o Additional probe manipulations to optimize
ultrasound beam alignment (in combination
with anteflexion): counterclockwise rotation,
and/or left flexion.

Planar imaging

Volumetric imaging

Functional imaging

(Continued)
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Table 3 (Continued)

Planar imaging Volumetric imaging Functional imaging

(Continued)
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Planar imaging

Volumetric imaging

Functional imaging

A. The TG five-chamber view to demonstrates

the ventricular aspect of the aortic leaflets
and aligns the LVOT and AV for spectral
Doppler.

. Two-dimensional zoomed image from the

TG five-chamber view demonstrating flail
leaflet anatomy (flail leaflet shown with red
circle, flail gap shown with yellow circle).

A. Three-dimensional user-defined volume in

biplane mode from a primary TG five-
chamber view to ensure capture of entire
valve for assessment of leaflet anatomy.
The 3D rendering is en face view of the AV
from the LVOT.

. Three-dimensional sector-based color

Doppler acquisition on triplane view from a
primary TG five-chamber view to ensure
capture of regurgitant jet VC within the
volume. The flail leaflet is shown in the 3D
rendering (red circle).

. Color-compare image from TG five-

chamber view showing a flail aortic leaflet
with expected AR jet direction.

. PW Doppler of LVOT from TG five-

chamber view used to trace LVOT VTI.

. CW Doppler of AV from TG five-chamber

view used to assess AV gradients and AV
VTI for EOA calculations.

. CW Doppler of AR VTI from TG five-

chamber view for PHT, RVol, EROA
calculations.

. AR PISA from TG five-chamber with

baseline shifted in jet direction (toward
LVOT) for hemisphere visualization.

. For pure AR LVOT SV calculation, PW

Doppler sample volume (yellow circle)
should be placed at the level of the AV
hinge points (blue dotted line).

. For AS LVOT stroke volume calculation,

PW Doppler sample volume (yellow circle)
should be placed slightly apical to the level
of the AV hinge points (blue dotted line) to
avoid the flow acceleration zone.

Imaging level: DT view 110°-120°

Acquisition protocol

From the DT level, withdrawing the probe to
the TG level with mechanical rotation of
110°-120° should generate a TG long-axis
view of the LVOT/AV. Additional flexion may
be needed and/or further advancement (to
DT level) may improve ultrasound beam
alignment.

Note: TG 110°-120° view is an alternative to
the TG 0°-30° view. Similar information can
be obtained from both views, however, the
insonation angle may be slightly different,
and could result in better alignment with
transaortic flow.

(Continued)
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Planar imaging Volumetric imaging Functional imaging

(Continued)
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Imaging level: DT view 110°-120°

A. TG three-chamber view to demonstrate
ventricular aspect of aortic leaflets and
align LVOT and AV for spectral Doppler.

B. Biplane imaging demonstrating prosthetic

flail leaflet (red circles) and gap (yellow
circle).

A. Three-dimensional user-defined volume in
biplane mode from a primary TG three-
chamber view to ensure capture of entire
valve for assessment of leaflet anatomy.
The 3D rendering is an en face view of the
AV from the LVOT.

B. Three-dimensional narrow-sector-based
color Doppler acquisition on biplane view
to ensure capture of the AR jet.

. Biplane image from TG three-chamber

view showing interrogation of prosthetic
valve AR jets of unclear origin. The
orthogonal view clarifies the location of
larger paravalvular jet (red arrow) and
smaller central jet (yellow arrow).

. Tracing of PW Doppler waveform of LVOT

used to determine LVOT VTI.

. CW Doppler of AV from TG three-chamber

view used to assess AV gradients.

. CW Doppler of AR VTI from TG three-

chamber view for PHT, RVol, EROA
calculations.

Imaging level: UE, ME, and TG views 0° and 80°-100°

Acquisition protocol

e Counterclockwise rotation from the heart to
the posteriorly positioned aorta, which can
be imaged in SAX (0° mechanical rotation) or

long axis (80°-100° mechanical rotation)
views.

e To align the ultrasound beam with flow for

Doppler assessment, anteflexion or
retroflexion is frequently needed.

Planar imaging

Volumetric imaging

Functional imaging

(Continued)
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A. Biplane image of the aortic arch
demonstrating severe atheroma (yellow
circles) with ulceration (red circle).

A. Three-dimensional view of the lesser
curvature of the aortic arch demonstrating
atheroma (red circles).

A. Anteflexion or retroflexion of the probe
allows alignment of aortic flow with the
ultrasound beam. PW Doppler sample
volume at the aortic arch shows
holodiastolic flow reversal (yellow bracket)
with high end-diastolic velocity > 20 cm/
sec (red arrow) suggestive of at least
moderate AR. This finding is less specific
with advanced age or concomitant disease
that reduces left ventricular or aortic
compliance.

B. PW Doppler in the abdominal descending
aorta demonstrating holodiastolic flow
reversal (yellow bracket) is specific for
severe AR.

Ao, Aorta, EOA, effective orifice area; EROA, effective regurgitant orifice area; LA, left atrium; LCC, left coronary cusp; LV, left ventricle; LVOT, left
ventricular outflow tract; NCC, noncoronary cusp; PW, pulsed wave; RCC, right coronary cusp; RA, right atrium; RV, right ventricle; RVol, regur-
gitant volume; VC, vena contracta; VCA, vena contracta area; VT, velocity-time integral.

distinct leaflet segments. The modified scheme divides the large mid-
dle segments into lateral (A2L and P2L) and medial (A2M and P2M)
halves, respecting the separate chordal attachments of the leaflets and
the midline chordal-free zone. Thus, A1, P1, A2L, and P2L have chor-
dae arising from the anterolateral papillary muscle, whereas A3, P3,
A2M, and P2M have chordae from the posteromedial papillary mus-
cle. Marginal or primary chordae insert on the leaflet free margins and
help prevent marginal prolapse, whereas secondary or “strut” chordae
insert on the ventricular surface of the leaflets, preventing billowing
while reducing tension on the leaflet tissues (Figure 13D). The papil-
lary muscles arise from a network of trabeculations (Figures 13E and
13F) of the compacted myocardium.

2. General Imaging Protocol for the MV (Table 4). ME
Views. Manipulation of the TEE probe is often required to align
the mitral annulus perpendicular to the ultrasound beam
(Figure 14). The ME four-chamber view is usually acquired with a me-
chanical rotation of 0° to 20°. Withdrawing the probe (and/or using
anteflexion) will bring the lateral commissure into view, while
advancing the probe (and/or further retroflexion) focuses on the
medial structures. The ME mitral commissural view (50°-70°) and
the ME long-axis view (120°—140°) are key views to image the mitral
leaflet coaptation zone. The commissural view should aim for sym-
metric display of papillary muscle heads and chords. Clockwise and
counterclockwise rotation of the TEE probe moves the imaging plane
anteriorly and posteriorly, respectively. The LAA offers a clear land-
mark for the anterolateral commissure and the A1/P1 scallops,
whereas the coronary sinus is adjacent to the posteromedial commis-
sure and the A3/P3 scallops. Generating the 3D en face view of the
MV is shown in Figure 15. Other essential components of a compre-
hensive examination are shown in Table 4.

TG Views. ME 3D imaging of the MV has replaced TG imaging for
identification of leaflet pathology and location of the regurgitant
orifice. However, TG level of imaging can still be used to confirm
MYV pathology (with and without color Doppler), visualize the sub-
valvular apparatus (chordae and papillary muscle), perfform CW
Doppler measurements (particularly with eccentric jets), and quantify
stroke volume.

Although several qualitative and semiquantitative measurements
can be obtained with TEE, quantitative measures of mitral regurgita-
tion (MR) severity should be performed. These quantitative methods
are shown in Figure 16. Biplane measurements of the mitral annulus
may result in the the most accurate calculation of annular area, and
thus regurgitant volume;>5>“ however, using the four-chamber mitral
annular diameter in a circular formula has been validated as an alter-
native to biplane imaging or 3D planimetry of the annulus.>®

3. Rheumatic Mitral Stenosis. Mitral stenosis (MS) is
commonly caused by rheumatic heart disease, although degenera-
tive nonrheumatic calcification that originates in the annulus
and extends to a variable degree onto the leaflets may also occa-
sionally cause hemodynamically significant MS. The distinction
between the two etiologies is important, because rheumatic MS
may be successfully treated by percutaneous mitral balloon com-
missurotomy, whereas catheter-based options for mitral annular
calcification (MAC) are largely limited to anecdotal experience,
with percutaneous balloon valvuloplasty used as palliation
or bridge to a definitive procedure and experimental placement
of balloon-expandable valves (valve-in-MAC). Valve-in-MAC
procedures*® can be performed percutaneously*' or with open
thoracotomy.*?

Rheumatic inflammation of leaflets and chords with subsequent
healing inevitably leads to deformation of the MV (Figure 17). The
main pathomorphological changes are as follows:

o thickening, retraction, and rigidity of leaflets (Figures 17A-17C);

e fusion of both commissures and folds between scallops, resulting in a “fish
mouth” orifice appearance (Figure 17D);

e fusion and shortening of chordae tendineae with elimination of interchordal
spaces, contributing to diastolic “doming” of the anterior mitral leaflet,
immobilization of the posterior leaflet, and subvalvular thickening; and

e calcium deposition.

Valve Morphology and Severity of MS. Preprocedural imaging of
the MV before balloon commissurotomy includes thorough assess-
ment of MV anatomy and function (including severity of MR) as
well as left atrial and right atrial size and morphology (e.g., to exclude
thrombus) and severity of pulmonary hypertension. Rate and rhythm
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Figure 6 Imaging of the AV and aortic root. Simultaneous multiplane imaging of the AV and aortic root are shown. In the setting of
bulky calcification, distinguishing the number of cusps may be difficult, but a trileaflet AV (A) has three commissures seen on color
Doppler of systolic SAX images (B), whereas a bicuspid valve (C, D) will only have two commissures. The etiology of AR should also
be assessed. In panel E there is a flail right coronary cusp (green arrow) causing an eccentric regurgitant jet (F, green arrow). Ao, Aorta;
L, left coronary cusp; LA, left atrium; NC, noncoronary cusp; R, right coronary cusp.

should be included when reporting mean pressure gradients. In the
setting of atrial fibrillation, ASE guidelines recommend averaging
values from five beats with cycle lengths that best represent the
average underlying heart rate.”? Leaflet thickening and calcification
must be noted in each view. TG views may better display chordal ab-
normalities, particularly when there is acoustic shadowing due to
valvular and/or annular calcification.

Although MV area is most commonly measured using direct
planimetry, areas have been reported or calculated using the pressure
half-time, PISA, and quantitative Doppler approaches. Although the
latter two techniques are rarely used, they may be helpful in patients
in whom planimetry and pressure half-time approaches are subopti-
mal or yield discordant measures of severity.*> The two main advan-
tages of 3D over 2D imaging are a more accurate assessment of
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Figure 7 ME imaging of the AV and root. The ME long-axis view of the aorta in diastole (A) allows measurements of the aorta using the
leading edge-to-leading edge technique: sinuses of Valsalva (orange arrow), sinotubular junction (blue arrow), and sinus height
(green arrow). The nadir of the right coronary cusp (RCC) is seen anteriorly (red dot) and defines the location of the annular plane.
A central coaptation gap can also be appreciated (yellow dot). Withdrawing the probe and reducing the angle results in a UE
view, from which the ascending aortic diameter can be measured (green arrow, B). Typically, when the midline of the aorta is bisected
(C), the interleaflet trigone between the left coronary cusp (L or LCC) and noncoronary cusp (N or NCC) is seen posteriorly (white
asterisk, A and C); thus, in systole the anterior right cusp (R) is often visualized but no posterior leaflet is seen (bottom right image).
The aortic annulus is measured from the inner to inner borders. Multiplanar imaging during 3D acquisition (D) is used to check the
quality of the three orthogonal 2D images. In these systolic views, one can clearly appreciate the annular plane (yellow double-
headed arrows) in the long-axis view (green sector), SAX view (red sector), and coronal plane (blue sector). A small area of acoustic
shadowing (white arrow, red sector) is seen in the SAX view. Panel E demonstrates alignment of the left main (LM) coronary artery
ostium (yellow asterisk) in the coronal plane (blue box and 3D-rendered view). The LM height or distance from the virtual annulus plane
to the coronary ostium (yellow arrow) is measured from the coronal plane (blue box). The left coronary leaflet (LCC; blue curved line) is
seen on the 3D-rendered view and the coronal plane (blue box), and its length is measured from the 2D image. An LCC length that is <2
to 3 mm shorter than the LM height, or an LM height <10 to 11 mm (particularly in the setting of a short root), poses a risk for possible
coronary artery obstruction with transcatheter valve implantation. Ao, Aorta; Asc Ao, ascending aorta; LA, left atrium; LV, left
ventricle; RPA, right PA.

distinguish spontaneous contrast from thrombus. Because balloon
commissurotomy is performed through a transseptal approach, it is
also important to assess the interatrial septum (IAS) for features that
would affect the ease of transseptal puncture, such as a highly mobile
fossa ovalis or severe lipomatous hypertrophy. PA systolic pressure
should be estimated as previously described.*°

commissural fusion and a more precise measurement of valve area
(Figure 4).4445

Additional Imaging Requirements. Assessment of baseline MR is
important because balloon commissurotomy may create or increase
MR. The procedure is contraindicated when baseline MR is moderate
or greater. The multiparametric, integrative ASE approach is recom-
mended for assessing MR severity.® However, because MR is after-
load and preload dependent, changes in loading conditions (e.g.,
blood pressure increases with anxiety or decreases with conscious

4. Degenerative MS. MAC is common and seen on echocardiog-
raphy in >40% of patients >65 years of age.*” Calcification can var-
iably extend onto the leaflets, resulting in both MS and/or MR
(Figures 18A—18D).*® Because of the intrinsic limitations of echocar-

sedation or general anesthesia) should be considered when making
this assessment.

Both the right atrial appendage and LAA should be thoroughly
imaged to exclude intracavitary thrombus. The use of simultaneous
biplane imaging may be helpful but is associated with lower temporal
and spatial resolution. Ultrasound enhancing agents may be used to

diography in the setting of calcified tissue (acoustic shadowing,
blooming artifacts, and limited tissue characterization), preprocedural
planning requires CT performed at experienced sites that are able to
determine the extent and location of calcification, size the annulus*’
(Figure 18F), and predict the area of the neo-LVOT using “virtual
valve” imaging algorithms.>°
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Figure 8 Three-dimensional bicuspid AV pathology. In the 3D-rendered images of a bicuspid AV, panel A has two commissures (red
stars) with a raphe (blue star), whereas the valve in panel B has no raphe. Panel C shows a multibeat 3D color Doppler volume data set
that can be used to quantify the regurgitant vena contracta area with multiplanar reconstruction (D). L, Left coronary sinus; N, non-

coronary sinus; R, right coronary sinus.

Valve Morphology and Severity of MS. Evaluation of the severity
and extent of MAC is essential for determining the appropriateness
and type of transcatheter or surgical treatment for significant, symptom-
atic disease. Although TTE is typically used with a variety of MAC
grading criteria,’'>> preprocedural TEE imaging is essential for
confirming the etiology and severity of MS. The standard methods of
quantifying MS severity, including the pressure half-time method,
PISA, the continuity equation, and planimetry, lack robust validation
in this patient population. Two-dimensional planimetry is particularly
problematic in the setting of an irregular calcific orifice, as well as
nonplanar and poorly defined location of flow limitation. Three-
dimensional TEE studies have suggested that flow limitation typically oc-
curs at the annulus (Figure 18C) rather than at the leaflet tips.>*

Other important morphologic characteristics to be assessed
include the following:

1. Distribution of calcification, as valves will seat best when the calcium is rela-
tively uniform and circumferential. The distribution of calcification is best
displayed with the 3D surgeon’s view acquired from a ME window
(Figure 18B).

2. Shape of the annulus, with marked eccentricity predisposing to postproce-
dural paravalvular regurgitation. This may be assessed with echocardiogra-
phy, although quantitation is best performed with CT.

3. Angle between the mitral annulus and LVOT or AV annulus (mitral-aortic
angle; Figure 18F), resting or provocable LVOT obstruction, and presence

of septal hypertrophy. The echocardiographic approach to assessing the
mitral inflow—to—LV outflow angle mimics that used for CT and is best per-
formed with multiplanar reconstruction on 3D volume data sets. These fea-
tures help predict the likelihood that the valve will obstruct the LVOT, in
which case alcohol septal ablation to reduce septal thickening may be
necessary before a valve-in-fMAC procedure in order to create enough
space for the new valve.>® Alternative procedures such as intentional lacer-
ation of the anterior mitral valve leaflet to prevent LVOT obstruction
(LAMPOON) may also be considered.’®>”
4. Severity of concomitant MR.

5. Primary MR. Primary MR is defined by abnormalities in the leaf-
lets, chords, annulus, and/or papillary muscles.**® Whereas both
Carpentier type 1 (normal leaflet motion with annular dilatation
such as with atrial fibrillation or endocarditis) and Carpentier type
Illa (restricted leaflet motion during diastole and systole such as
with rheumatic disease, collagen vascular disease, and MAC) disease
may cause regurgitation, the most common cause of primary MR is
Carpentier type Il disease associated with excess leaflet motion
and/or leaflet destruction (Figure 19).>® Excess leaflet motion is prin-
cipally caused by one of two fundamentally different pathoanato-
mies: chordal lengthening and chordal rupture. These may coexist
as a spectrum, collectively termed degenerative MR.>” Although an
individual patient may have more than one mechanism, whenever
possible the relative contributions of these mechanisms should be
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Figure 9 Quantifying stroke volume (SV) and aortic valve area (AVA). The deep transgastric (DT) five-chamber view (A) aligns the
transaortic flow with the ultrasound beam, allowing pulsed-wave (PW) Doppler acquisition of the left ventricular outflow tract
(LVOT) spectral profile (B) and continuous wave (CW) Doppler acquisition across the AV (C). Doppler from the transgastric (TG)
view at 80° to 120° (D) should also be attempted, as this imaging plane typically will align the insonation beam with jets that are
directed more anteriorly or toward the right. Calculation of the right ventricular outflow tract (RVOT) SV may be necessary to quantify
aortic regurgitation (AR) and requires measurement of the RVOT diameter, best imaged from the mid-esophageal (ME) level at 70° to
90° (E). Doppler of the RVOT should be obtained from the TG level by centering the RV in the sector and then anteflexing and me-
chanically rotating to about 60° (TG RV basal view; F). Alternatively, a TG RV inflow-outflow view is acquired by right flexion and ante-
flexion at about 0° to 20° (G) or an upper esophageal (UE) view (not shown) can be used if TG views are suboptimal. The PW Doppler
sample volume should be at the annular level in systole (H) to acquire the spectral profile used in calculation of the RVOT SV. Ao,
Aorta; BSA, body surface area; LA, left atrium; PG, pressure gradient; Qp/Qs, ratio of pulmonary flow to systemic flow; RV, right

ventricle; Vmax, maximum velocity; Vmean, mean velocity; VR, velocity ratio; VTI, velocity-time integral.

identified. The more precise Carpentier classification system is
strongly encouraged because it is superior to the simpler dichotomous
primary versus secondary (functional) classification and is particularly
helpful in transcatheter mitral procedures.

Valve Morphology and Severity of Regurgitation. Myxomatous
degeneration and fibroelastic deficiency have different leaflet pa-
thologies, each of which can be associated with severe degenera-
tive MR. The former is typically associated with markedly
thickened and redundant leaflets, frequently with bileaflet pro-
lapse. The latter is associated with thinning and atrophy of the
leaflet and chordal tissues, often with prolapse or flail of an iso-
lated segment. For both morphologic types, it is important to
localize the regurgitation site.

Mitral Leaflets and Chordae. Prolapse, by definition, is present
when leaflet tissue extends =2 mm above the high points of the
mitral annulus in systole. Imaging should clearly identify the timing,
location (e.g., leaflet and scallop), and extent (e.g., end-systolic flail
width and gap) of the abnormal leaflet motion. In addition, deep in-
dentations/folds or clefts and their location relative to jet origin should
be identified, as leaflet grasp may be difficult in the presence of these
anatomic abnormalities. Three-dimensional en face imaging of the
MYV has increased our recognition of “gaps” in the leaflet tissue, but
there is significant variability in the terminology used for these inden-
tations. One study defined indentations that reach the annulus
boundary as a cleft of the anterior leaflet but as a profound indenta-
tion of the posterior leaflet.° It is necessary to distinguish morpholog-
ically a cleft in an otherwise normally structured MV from the
congenital cleft MV, often associated with the trifoliate left compo-

nent of a common atrioventricular valve in patients with an atrioven-
tricular canal septal defect.®'

The transcatheter edge-to-edge repair device has a class 2A recom-
mendation for high-risk patients with appropriate valve morphology,
and assessment of morphology and feasibility of both transcatheter
and surgical repair using TEE imaging is a class 1A recommendation
in current guidelines.* Morphology and feasibility of repair are
comprehensively discussed in the updated expert consensus decision
pathway document.®?

Mitral Annulus. Although annular repair devices currently are
limited to the treatment of secondary MR, transcatheter MV replace-
ment has been performed in primary MR.®* Thus, a full characteriza-
tion of the annulus is important, including motion, the severity of
calcification, dimensions (commissural and anteroposterior), and
area using both 2D and 3D imaging. Mitral annular disjunction is a
variant of degenerative MR in which a wide separation between
the atrial-MV junction and the basal LV myocardium is noted. It is
important to characterize this variant of myxomatous degeneration,
as devices that rely on anchoring at the mitral annulus must redefine
the most appropriate anchor zone (i.e., leaflet hinge or basal myocar-
dium). Significant MAC at the site of device anchoring may also be a
relative exclusion criterion for device placement.

Additional Imaging Requirements. As with MS, preprocedural
planning for devices using a transseptal approach should include a
comprehensive evaluation of the IAS for ideal transseptal puncture
site, presence of an interatrial shunt, or other structural abnormalities
(e.g., prominent Eustachian valve or Chiari network).
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Figure 10 Aortic annular (AA) measurements. A user-defined 3D zoom acquisition is acquired after optimizing the frame rate by
limiting the size of the volume. Direct planimetry (A) is the most common method to measure annular area and perimeter, but acoustic
noise or shadowing (typically from the calcified cusps) may result in inaccuracies. Indirect methods have been validated using CT (B),
which allows the use of orthogonal long-axis planes to define the points around the annulus. Multiple automated software packages
(C, D) have been developed but lack validation against other modalities. AL, Anterolateral; Ann, annular; AP, anteroposterior; Circ,
circumference; Diam, diameter; PM, posteromedial; SoV, sinuses of Valsalva; STJ, sinotubular junction.

6. Secondary (Functional) MR. In contrast to primary MR, sec-
ondary MR is associated with intrinsically normal leaflets that fail to
coapt in the setting of a remodeled and dysfunctional ventricle
and/or atrium. Assessment of this entity entails imaging protocols
that are similar to those of primary MR.

Morphology and Severity of MR. There are two distinct morpho-
logic subtypes of functional MR: annular dilation with normal leaflet
motion (type I) and the more common restricted systolic motion with
LV remodeling or dysfunction (type Illb; Figure 19). Type I disease
typically occurs in the setting of atrial fibrillation or heart failure
with preserved ejection fraction, and MR is due to isolated annular
dilatation, insufficient leaflet growth, and impaired annular dy-
namics.®*®> The hallmark of type IlIb functional MR is apically teth-
ered leaflets due to an imbalance between tethering and closure
forces. Annular dilatation may also be present.°® The term ischemic
MR is applied to functional MR when the underlying cause of LV ab-
normalities is coronary disease. The morphologic changes associated
with ischemic and nonischemic functional MR are distinct, but both
are associated with ventricular enlargement with lateral displacement
of the papillary muscles.”®°” This results in the point of leaflet contact
(attempted coaptation) being displaced below the MV annulus. The
chordal apparatus appears stretched, and individual chords may be
under significant tension.

Preprocedural imaging for transcatheter repair compared
with replacement in patients with functional MR varies depend-
ing on the device and its anchoring mechanism. The size of the
coaptation gap and resulting MR jet (Figure 20A) from 2D im-
aging or 3D focused volumes (Figure 20B) are important.
Especially in secondary MR, the routine assessment of a single
2D measurement (e.g., vena contracta width or PISA radius)
may underestimate the severity of MR in the setting of an ellip-
tical regurgitant orifice.® Quantitative Doppler methods require
expertise and multiple measurements. The systematic quantifica-
tion of baseline 3D vena contracta area is recommended
(Figure 20C).%%

Additional Imaging Requirements for Transcatheter Annular
Repair or MV Replacement. Whether a transseptal or transapical
approach is used, the intracardiac access site must be fully assessed.
The site of anchoring may also generate specific imaging require-
ments. In addition to 3D annular size (perimeter, diameters, and
areas; Figure 20D), any anatomic structure that may interfere
with device placement (e.g., chordae or papillary muscles) or sta-
bility (e.g.,, annular calcification) should be noted. With most cur-
rent devices, there is a risk for LVOT obstruction depending on
the vertical dimensions of the device, and the interaction with
the native anatomy (i.e., the intact MV apparatus, interventricular
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Figure 11 AR valve morphology. AV/aortic root (AoRoot) structure and function with AR can be described as type | disease with
normal (Nml) leaflet motion and dilatation of the aortic root (A, asterisk identifies the central leaflet malcoaptation); type Il disease
with excessive leaflet motion such as prolapse (B, green arrow indicates prolapse of the right coronary cusp); or type lll disease
due to leaflet restriction (C1 and C2, leaflet restriction in both diastole and systole). Ao, Aorta; LV, left ventricle.

Figure 12 AR quantification. Three-dimensional ME imaging (A) shows a flail right coronary cusp (red arrow), resulting in a posterior-
directed regurgitant jet (B). Because the jet direction is aligned with the insonation beam, CW Doppler regurgitant spectral velocity-
time integral (C) and PISA method for quantifying effective regurgitant orifice (ERO) area (D) is feasible. For more central regurgitant
jets, TG views align the insonation beam with transaortic flow, and PISA (E), volumetric quantitation (F), and CW Doppler (G) can be
performed. From the TG view, a counterclockwise turn of the TEE probe images the abdominal aorta, and with mild probe anteflexion
or retroflexion (H), flow is aligned for assessment of holodiastolic flow reversal with pulsed-wave Doppler (blue bracket, ). Al, Aortic
insufficiency; Ao, aorta; AVA, AV area; BSA, body surface area; PG, pressure gradient; PHT, pressure half-time; Qp/Qs, ratio of pul-
monary flow to systemic flow; RCC, right coronary cusp; SV, stroke volume; Vmax, maximum velocity; Vmean, mean velocity; VR,
velocity ratio; VTI, velocity time integral.
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Figure 13 Mitral annular anatomy. (A) Three-dimensional TEE image from the atrial perspective showing the hinge line of the posterior
leaflet (white dashed line) and the hinge line of the anterior mitral leaflet (red dashed line). The scallops of the anterior (A1, A2, and A3)
and posterior (P1, P2, and P3) leaflets are labeled, with the medial commissure (MC) and lateral commissure (LC). (B) Three-
dimensional TEE long-axis view showing the mitral-aortic curtain (also known as the intervalvular fibrosa), a band of dense connective
tissue between the hinge of the anterior mitral leaflet and the hinge of the aortic leaflet. (C) Computed tomographic image showing the
hinge of anterior and posterior leaflets and the components of the posterior mitral annulus, namely, the ventricular wall (VW), the atrial
wall (AW), the epicardial adipose tissue (EAT), and the hinge line of the posterior leaflet. (D) Two-dimensional TEE TG view, showing
the strut chorda (SC) and the marginal chorda (MC). Panels E (3D TEE imaging) and F (CT) show the papillary muscles arising from a

network of trabeculations (white arrows).

septum, and LVOT). To analyze the risk for LVOT obstruction with
a transcatheter MV replacement, the length of the anterior leaflet
(Figure 20E) and relationship between the LVOT and subvalvular
or valvular structures (Figure 20F) should be evaluated in both
diastole and systole.

Assessment of MR. Table 4 shows the components of a compre-
hensive TEE examination for MR quantitation; however, a
comprehensive discussion of methods is in the ASE guideline
for assessment of valvular regurgitation.® Use of each method
must be guided by the anatomy of the regurgitant orifice: elliptical
orifices typically seen with functional MR may lead to effective
regurgitant orifice area underestimation by PISA, whereas other
methods that assume holosystolic MR (vena contracta, color
Doppler jet area, effective regurgitant orifice area by PISA) may
overestimate the severity of MR in the setting of a late systolic
regurgitant jet. An attempt should be made to interrogate all
four pulmonary veins with pulsed-wave Doppler, with systolic
flow reversal in at least one pulmonary vein being supportive of
hemodynamically significant MR.

E. Assessment of the PV

The PV is the most anteriorly and superiorly located valve, thus is chal-
lenging to visualize on TEE imaging because of interference from
other structures (bronchus), patient intolerance of the TEE UE posi-
tion, and its far-field location. Consequently, detailed imaging of the
PV is most readily performed in sedated patients.' Intracardiac echo-
cardiography may be an alternative imaging approach.

1. Anatomy of the PV. The PV is a trileaflet semilunar valve with
thinner cusps and slightly larger diameter than the AV. It sits atop
the muscular conus, which prevents fibrous continuity with the re-
maining cardiac valves. The leaflets are named for their anatomic po-
sition in space and in relation to the AV: right, left, and anterior or
“opposite” (Figure 21). Notably, the PV is orthogonal to the plane
of the AV when in its normal position, such that when one semilunar
valve is visualized in cross-section, the other is in long axis.
Pathology in the form of pulmonic stenosis (PS) and/or pulmonic
regurgitation (PR) is most commonly due to a congenital lesion and/or
residual postoperative valve pathology. Less common causes are func-
tional valve disease due to pulmonary hypertension or valve
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Figure 14 Optimizing MV imaging. (A, B) Computed tomographic images of the heart to depict the location of the esophagus (blue
dot) in relation to the cardiac structures. Because the heart is slightly horizontal in the chest, the esophagus is naturally closer to the
lateral wall of the left atrium (LA), and thus to position the probe over the dome of the LA with the mitral annulus perpendicular to the
insonation beam, one must use right flexion (A). To align the initial imaging plane (blue sector) with the left ventricular apex, retro-
flexion (green sector) is typically required (B). With these maneuvers, the tangential and foreshortened imaging of the MV and left
ventricle (LV) at a 0° ME biplane view (C) can be corrected such that the annulus is perpendicular to the ultrasound beam, and the
apex is centered in the far field (D) facilitating on-axis simultaneous multiplane imaging of the entire annular plane. RA, Right atrium;

RV, right ventricle.

degeneration due to carcinoid heart disease, rheumatic or postinflamma-
tory changes, drug or radiation exposure, and infective endocarditis.®”

2. General Imaging Protocol for the PV (Table 5). ME
Views. The ME RV inflow-outflow view (45°-60°) images the long
axis of the RVOT and PV, anterior to the AV (Figure 21). From this
view, the subpulmonary region is assessed for prominent muscle bundles
or narrowing at the infundibular outlet septum suggestive of double-
chambered RV (Figures 22A and 22B). Color Doppler turbulence
may be present, but the ultrasound beam angle is suboptimal to obtain
a reliable peak Doppler gradient for subvalvular or valvular stenosis.

UE Views. Withdrawing the probe may optimize imaging of the main
and proximal branch PA, as there are no intervening left heart structures

(Figures 22C-22H). Focal narrowing at or above the sinotubular junc-
tion is consistent with supravalvular stenosis. Doppler assessment of sys-
tolic and diastolic velocities for valvular and supravalvular PS and PR is
ideal from this position. However, “sufficient” or “excellent” imaging of
the PV may be feasible only 50% of the time and is usually achieved
with probe positions that are particularly uncomfortable for patients.””

TG Views. At0° to 20° with both right and anteflexion, a TG inflow-
outflow view can be obtained (Figure 9G). Alternatively, at 40° to 60°
with anteflexion and counterclockwise rotation from the LVOT view,
a long-axis view of the entire RVOT is imaged in most patients
(Figure 9F). This is the best opportunity to visualize the contribution
of the infundibulum and moderator band for any dynamic subpul-
monic stenosis. If the TG views fail to align the ultrasound beam
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Imaging level: ME view 0°-20°

Acquisition protocol:

e From the ME 4Ch view focused on the MV
(0°—20° multiplane angle may be necessary
to eliminate the AV and the LVOT).

e To better align the MV, slight probe
retroflexion may be necessary. Use tilt plane
to illustrate simultaneous biplane image.

Planar imaging Volumetric imaging Functional imaging

A. Biplane imaging (4Ch/2Ch views) of a A. From a 3D volume, the mitral annulus A. CW Doppler of the mitral regurgitant jet is
patient with a dilated cardiomyopathy. can be measured using dedicated required for quantitation; peak velocity is used
At this increased depth of field, software (shown) or direct planimetry for PISA effective orifice area calculation, and
ventricular size and function can be using multiplanar reconstruction. the MR VTl is use to quantify regurgitant volume.
assessed in addition to leaflet motion, B. Three-dimensional en face view B. PW Doppler at the MV annulus is used to
in this case, restricted in systole with from the degenerative MS case in quantify diastolic SV, in this case, 162 mL/beat.
marked leaflet tethering. planar image B shows the mitral annular C. CW Doppler of transmitral diastolic flow

calcium on the base of the A3

allows quantitation of peak/mean gradient,
(Continued)
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Imaging level: ME view 0°-20°

B. Four-chamber view of degenerative scallop (yellow asterisk)
MS with mitral annular calcium on the and P2 scallop (red asterisk).
base of the anterior leaflet (yellow C. Three-dimensional multiplanar
asterisk) and posterior leaflet (red asterisk) reconstruction of a rheumatic MS patient,
with the latter protruding into the MV orifice. used to planimeter the MV orifice area.

pressure half-time, and VTI. In this example
from a patient with rheumatic MS, the VTl was
used in the continuity equation to calculate a

MV area of 1.28 cm?.

Note: Although not shown for every level of imaging, PW and CW Doppler as well as color Doppler assessment could be performed from any imaging
plane of the MV that aligns the ultrasound beam with flow. These imaging planes will typically result in the most accurate Doppler spectral profiles.

Imaging level: ME mitral commissural view 50°-70°

Acquisition protocol:

o |dentify the mitral commissural view
anatomically optimized to the MV plane
(~50°-70°).

e Systematic biplane through MV leaflets
permits sweeping interrogation of MV
coaptation (central, lateral, and medial tilts)
with 2D color Doppler by maintaining the
biplane tilt angle.

Planar imaging Volumetric imaging

Functional imaging

(Continued)
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Imaging level: ME mitral commissural view 50°-70°
A. Mitral commissural view images the A. Three-dimensional live imaging (narrow A. Mitral commissural view with 2D color Doppler
anterior leaflet in the center (A2) and the volume) may be particularly useful to illustrating the broad-based MR jet in the
posterior leaflet on either side (P3 left/ verify appropriate multiplane angle for simultaneous biplane images. Central tilt plane
medial and P1 right/lateral). commissural view. denotes cutting plane through anterior and
Simultaneous biplane image shows B. Three-dimensional en face view posterior leaflets (A2/P2).
MV long-axis view with anterior (A2) of the MV during systole with the B. Mitral commissural view with 2D color Doppler
and posterior (P2) leaflets. AV at 12 o’clock. The imaging and lateral tilt plane that denotes cutting plane
B. Mitral commissural view with the planes of the lateral scallops through anterior and posterior leaflets (A1/P1).
simultaneous biplane tilt through (A1/P1, red line), midline scallops C. Simultaneous biplane imaging based on mitral
lateral portion of the MV leaflets (A1/P1 (A2/P2, green line) and medial commissural view with the tilt plane moved
coaptation zone). scallops (A3/P3, blue line) are shown. medially denotes cutting plane through anterior
C. Mitral commissural view with the In this patient the AV may be seen from and posterior leaflets (A3/P3).
simultaneous biplane tilt through medial all three commissural imaging planes
portion of the MV leaflets (A3/P3 (see planar imaging views) given the size/
coaptation zone). orientation of the aorta in this patient.

Imaging level: ME mitral view 80°-100°

Acquisition protocol:

e From the ME 2Ch view focused on the MV.
To better align the MV, slight probe
retroflexion may be necessary. Use tilt plane
to illustrate simultaneous biplane image.

e Three-dimensional acquisitions with and
without color benefit from multibeat
acquisition (improved temporal resolution).

Planar imaging Volumetric imaging Functional imaging

(Continued)
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Imaging level: ME mitral view 80°-100°

A. Biplane imaging from the ME 2Ch view  A. Three-dimensional rendering of the MV
with orthogonal inverted 4Ch view. from the standard surgical en face view
with the AV at 12 o’clock. The anterior
leaflet is on top, posterior leaflet at the
bottom.

B. Three-dimensional rendering of the MV
from a nonstandard view, obtained
without z rotation. The AV is at 6 o’clock
and the posterior leaflet is on top. This
view may improve imaging of posterior
leaflet pathology.

A. Reversal of flow in the pulmonary veins is a

specific sign for hemodynamically significant
MR. Flow in all four pulmonary veins can be
assessed by PW Doppler. This is an example of
late systolic flow reversal (yellow arrows) in the
RUPV in the patient with flail P2 scallop.

. Late systolic reversal of flow (yellow arrows) is

also seen in the LUPV.

Imaging level: ME mitral view 120°-140°

Acquisition protocol:

e From the ME long-axis view focused on
the MV. To better align the MV, slight probe
rotation, clockwise or counterclockwise,
may be necessary. Use tilt plane to illustrate
simultaneous biplane image.

Planar imaging Volumetric imaging

Functional imaging

A. The long-axis view, which usually images ~ A. New 3D rendering modes may allow more A. To calculate the EROA by PISA method, the

the anterior leaflet (A2) and posterior leaflet rapid assessment of valve morphology and

(P2), is useful for imaging leaflet function. In this example of a transparency

morphology (rheumatic doming in this rendering of 3D color Doppler, the origin of

example) but also the LVOT and AV. the wide regurgitant jet of functional MR is
easily seen.

color Doppler baseline is shifted in the
direction of regurgitant flow, and the radius of
the PISA shell is measured from the vena
contracta to the color shift from (in this case)
yellow to blue (yellow arrow).

(Continued)
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Imaging level: ME mitral view 120°-140°
B. The systolic mitral-aortic annular angle B. The same patient’s 3D color Doppler B. Three-dimensional color Doppler multiplanar
(@), which is used to assess the risk of volume is imaged from a lateral aspect, with  reconstruction is used to identify the vena
LVOT obstruction. the anterior annulus to the left (AV, aortic contracta in SAX (blue plane) allowing
C. Degenerative MV leaflet measurements valve) and posterior annulus (P) to the right. planimetry of the VCA.
include flail gap, anterior leaflet length, From this aspect, the regurgitant jet is
and the C-sept distance. posteriorly directed.

D. Measurements of tethered leaflets
include coaptation length and depth.

Imaging level: TG views

Acquisition protocol:

e Following insertion of the probe past the
lower esophageal sphincter into the
stomach, anteflexion results in imaging of
the left ventricle.

Further anteflexion from a midventricular
view brings the imaging plane to the base of
the left ventricle and images the MV.
Further retroflexion from the midventricular
view images the LV apex.

Planar imaging Volumetric imaging Functional imaging

(Continued)
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Imaging level: TG views

A. TG SAX view of the mid left ventricle A. Three-dimensional volume acquisition
from the TG view shows the marked
trabeculations of the lateral LV apex,
consistent with noncompaction.

B. TG SAX view at the level of the B. Three-dimensional volume of the MV

with simultaneous biplane long axis
should be performed to assess
LV size and function.

MV with simultaneous biplane
long axis should be performed
to assess leaflets as well as
subvalvular structures.

A. Eccentric MR jets may be aligned with the
ultrasound beam from TG views. In this example
of a P3 (medial) flail, the regurgitant jet is best
aligned with the ultrasound beam from this TG
view.

from TG views can be used to evaluate B. When optimally aligned with the ultrasound
the subvalvular apparatus.

beam, color Doppler baseline shift in the
direction of regurgitant flow (blue arrow) allows
measurement of the PISA radius.

C. CW Doppler should be performed from any view
where the regurgitant jet is aligned with the
ultrasound beam.

To quantify mitral regurgitant volume, a comprehensive examination should include the 2D/Doppler quantitation of forward SV (i.e., left ventricular
or right ventricular stroke volume) with Doppler performed from the TG views.

2Ch, Two-chamber; 3Ch, three-chamber; 4Ch, four-chamber; A, anterior leaflet; AoV, aortic valve; AVA, AV area; Coapt, coaptation; C-sept,
Coaptation-to-septal; EROA, effective regurgitant orifice area; LA, left atrium; LUPV, left upper pulmonary vein; LV, left ventricle; MVA, MV
area; MVOA, MV orifice area; P, posterior leaflet; PG, pressure gradient; PM, posteromedial; PW, pulsed wave; RA, right atrium; RUPV, right upper
pulmonary vein; RV, right ventricle; SV, stroke volume; VCA, vena contracta area; Vmax, maximum velocity; Vmean, mean velocity; VT, velocity-

time integral.

parallel to flow for Doppler assessment of PV function, DT views with
maximum anteflexion can be attempted.

Three-Dimensional Imaging. The PV remains in the far field at all
imaging levels; thus 3D rendering of the valve is challenging. The
UE view typically yields the best imaging of the leaflets to optimize
3D acquisition, as the annular plane is more perpendicular to the ul-
trasound beam (Figures 22G and 22H).

3. PV Stenosis. Valvular PS is the second most common congenital
heart defect, occurring in 10% of children with congenital heart dis-
ease but not infrequently first diagnosed in adulthood.”' Fusion of
the commissures results in a dome-shaped valve with a narrowed
effective orifice that often is accompanied by poststenotic dilatation
of the main PA. Mild PS, defined as a peak Doppler gradient
< 36 mm Hg, does not require intervention and rarely progresses.
Moderate or severe disease, with a peak Doppler gradient
> 36 mm Hg accompanied by otherwise unexplained symptoms of
heart failure, may require treatment with balloon valvuloplasty or sur-
gical valvotomy’? ranging from commissurotomy to subtotal leaflet

resection, with low procedural risk and low rate of recurrence.”’
The “dysplastic” type of valvular PS, most commonly seen in patients
with Noonan syndrome, responds less favorably to percutaneous
intervention due to myxomatous, thickened leaflets, and associated
annular hypoplasia or narrowing of the supravalvular region. PS can
be associated with numerous other congenital defects including atrial
septal defect (ASD), ventricular septal defect (VSD), patent ductus ar-
teriosus, and other complex congenital heart diseases such as tetral-
ogy of Fallot, which is defined by RVOT obstruction. Acquired PS is
rare, constituting only 5% of patients presenting in adulthood.
Causes of acquired PS include carcinoid and rheumatic heart disease.

Subvalvular PS is rare and may present below the infundib-
ulum, as in double-chambered right ventricle, which occurs at
the infundibular os, or even more rarely immediately below the
PV. There are multiple other causes, but none is amenable to
catheter-based intervention.

Supravalvular PS can variably involve the main and/or branch pul-
monary arteries. Congenital cases are associated with various genetic
and congenital syndromes and may be acquired because of postoper-
ative suture lines, vessel distortion, or external compression.

Figure 15 Two-dimensional and 3D imaging of the MV. In this example of a large flail P2 scallop, the use of biplane imaging allows
simultaneous display of the commissural view (left-hand image in A) and the orthogonal midline (A2-P2 commissure) long-axis view
(right-hand image in A). The user-defined images that generate the 3D volume in panel B are shown: lateral (red box) and elevational
(blue box). The 3D-rendered image in panel B is the initial en face MV view from the atrial perspective; medial to the left, lateral to the
right, anterior at the bottom, and posterior at the top of the echocardiographic image with the aorta (Ao) at 6 o’clock. To generate the
surgeon’s en face view, the image in panel B is then rotated 180° in the z axis (C) so that the Ao is now at 12 o’clock.
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Figure 16 Quantitation of MR. Quantitation of MR should be performed whenever there is a question about disease severity and clin-
ical status. Panel A shows the images required to perform a PISA measurement of effective regurgitant orifice area (EROA), including
(1) color Doppler with baseline shift in the direction of the regurgitant jet with PISA radius measured and (2) CW Doppler spectral pro-
file. The calculation of EROA as shown can then be used to quantify the regurgitant volume. Panel B shows the images required to
perform the quantitative Doppler method of calculation of the regurgitant volume, including four-chamber mitral annular diastolic
diameter, pulsed-wave (PW) Doppler at the mitral annular plane, aortic annular systolic diameter, PW Doppler at the aortic annular
plane, and CW Doppler of the transmitral systolic velocity profile. Subtracting the forward stroke volume (i.e., across the AV) from
the diastolic stroke volume (across the MV) results in the regurgitant volume. EROA is then derived by dividing the regurgitant volume
by the CW Doppler transmitral velocity-time integral (VTI). ERO, Effective regurgitant orifice; r, PISA radius; Reg. flow, regurgitant flow;
RF, regurgitant fraction; RVol, regurgitant volume; V4, aliasing velocity; Vy.x, peak velocity.
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Figure 17 Characteristic features of rheumatic MS. Doming of the anterior mitral leaflet can be seen on cardiac magnetic resonance
(arrow, A), 2D TEE imaging (B), and 3D TEE imaging (C). Three-dimensional en face imaging (LV perspective) shows the “fish mouth”

appearance of the MV (D).

Supravalvular stenosis adjacent to the PV is not amenable to percuta-
neous intervention without sacrificing the valve, so if echocardiogra-
phy suggests narrowing in this area, additional imaging may be
required to direct the patient to surgical repair.

In summary, when considering PS, pathology can occur any-
where along the RVOT. As percutaneous options are only avail-
able for isolated valvular pathology, recognition of narrowing
above and below the valve is crucial, as are identification and
assessment for commonly associated additional lesions that may
require intervention.”*

4. PV Regurgitation. Isolated PR is rarely a native lesion but rather
a consequence of prior valvotomy or following replacement per-
formed for valvular PS. One rare exception is a severe variant of tetral-
ogy of Fallot with absent PV syndrome. As the name implies, the
leaflets are usually completely absent, although occasionally vestigial
remnants of thickened, cauliflower-like tissue may be seen. The con-
dition is invariably accompanied by severely dilated main and bilateral
branch pulmonary arteries, creating severe respiratory symptoms that
traditionally present in infancy, at which time they are surgically ad-
dressed. Noncongenital PR, secondary to degeneration of the PV,
typically presents with combined regurgitation and stenosis, as in
carcinoid heart disease.”” For the rare case with predominant stenosis

and mild or less regurgitation, balloon valvuloplasty may be adequate,
but most will require replacement. A color Doppler PR jet width
>50% to 65% of the RVOT, rapid flow deceleration with early termi-
nation of diastolic flow, and diastolic flow reversal in the branch
pulmonary arteries are consistent with significant PR.”>””

5. PV Disease in Postoperative Congenital Heart
Disease. Both PS and PR can result after intervention for numerous
congenital heart defects, most notably tetralogy of Fallot. The postop-
erative RVOT has remarkable heterogeneity, in part because of a
broad range of interventions that may have been initially performed,
including subtotal or total leaflet resection, implanted surgical valves,
and conduits.”® Surgical PV repair is rarely performed’?; rather the
majority of interventions for regurgitation or combined disease are re-
placements, with transcatheter replacement now possible in greater
numbers of patients since the first description in 2000.5°
Transcatheter device selection is based on the outflow tract, rather
than leaflet morphology, best evaluated on magnetic resonance imag-
ing or CT. Chronic, severe PR causes progressive RV dilatation and ul-
timately dysfunction. Magnetic resonance imaging is the gold
standard for quantitation of PR and RV size and function, although
CT is an alternative in patients with contraindications to magnetic
resonance imaging. Criteria for PV replacement are derived from
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Figure 18 Degenerative mitral stenosis (MS). Mitral annular calcium (MAC) can variably extend onto the leaflets, but the greatest restric-
tion to flow typically occurs at the annulus. Biplane imaging from the mid esophageal (ME) view (A, the white arrow indicates the location
of the orthogonal image) and 3D en face view (B) show the location of the annular calcium (red arrows). Using 3D multiplanar reconstruc-
tion (C), the annular area by planimetry is 0.74 cm,, consistent with severe MS due to increased rigidity of the annulus and leaflets
without commissural fusion (red arrows in A-C). CW Doppler (D) shows peak and mean gradients of 21 and 10 mm Hg, respectively.
The severity and extent of calcium is frequently more accurately assessed by computed tomographic (CT) imaging (E), which can also
be used to assess the severity of stenosis. The risk for left ventricular outflow obstruction following transcatheter mitral valve replace-
ment can be predicted by the baseline acuity of the mitral-aortic angle (F). Ao, Aorta; LA, left atrium; LAX, long-axis.

these multimodality imaging parameters and a host of clinical criteria
that continue to evolve.

F. Assessment of the TV

Interest in the TV has grown, given the prevalence of significant TR
and its association with adverse prognosis,®' as well as the symptom
burden resulting from progressive right heart failure.®” In the setting
of high in-hospital mortality associated with isolated TV surgery,®’
transcatheter devices continue to evolve.®* Imaging the TV with
TEE is challenging for a number of reasons. First, it is the most anteri-
orly and inferiorly positioned cardiac valve, with a normal orifice area
between 7 and 9 cm?®° thus requiring a large field of view when
imaged in the far field from ME views. Second, the tricuspid leaflets
are much thinner than those of the MV, making them more difficult
to image.®° Finally, the annular plane cannot be aligned perpendicular
to the ultrasound beam, increasing the reliance on lateral resolution,
which is inferior to axial resolution. The TV, however, is positioned
immediately superior to the diaphragm and is therefore very close
to the TEE probe in the DE as well as TG views. Thus, a new imaging
level, the DE imaging plane, is required (Table 1). These views have
become integral to preprocedural assessment of the TV.

1. Anatomy of the TV. Tricuspid Annulus. The normal tricuspid
annulus has a complex elliptical nonplanar shape, with the anteroseptal
portion being the highest, close to the RVOT and AV, and the postero-
lateral portion being the lowest (toward the right ventricle). It is about
20% larger and less symmetric than the “saddled-shaped” mitral annulus

and can be divided into two segments: mural and septal (Figure 23A).
Like the MV, the mural or free wall portion of the TV annulus consists
of four components: the atrial myocardium, the ventricular myocar-
dium, the hinge line of the tricuspid leaflets, and the epicardial adipose
tissue (Figures 23B and 23C). Tricuspid annular dilatation and leaflet
tethering are the primary mechanisms leading to functional TR.2® The
mural annulus follows the contraction of the right ventricle and may
be subjected to dilatation when the right atrium and/or RV enlarge,
while the septal annulus is spared from annular dilatation.®” Recent
3D echocardiographic studies have demonstrated annular expansion
primarily along the posterior border in TR associated with atrial fibrilla-
tion, whereas the annulus expands mostly along the anterolateral border
in patients with left heart disease in sinus rhythm.®®

Tricuspid Leaflets. The TV classically consists of three unequally sized
leaflets called anterior (the largest, with a quadrangular shape), septal
(long circumferentially but short radially, semicircular in shape), and pos-
terior (intermediate in size, with a triangular shape and scalloped inden-
tations; Figures 23D-23F). Autopsy studies, however, have reported
large variability in the number of TV leaflets in up to 38% of patients.®”
A recent TEE study of 579 patients confirmed these finding, with three
leaflets seen in just over 50% of patients and four or more leaflets seen in
39% of patients.>” A majority of quadricuspid valves (32% of the entire
cohort) had two posterior leaflets (Table 6). Identification of TV leaflet
morphology relies on the TG SAX view (or 3D volume-rendered short
axis from any imaging level), using leaflet edge motion and color Doppler
(when malcoaptation is present) during the cardiac cycle to identify (1)
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Figure 19 Classification of the mechanism of mitral regurgitation (MR). Mitral regurgitation can be divided into primary and secondary
disease; a number of different leaflet motions may be seen within each of these categories. Primary MR is defined by pathology of
mitral apparatus including the leaflet, chordae, or papillary muscles. Thus, primary MR may have: normal leaflet motion (Carpentier
type |) in the setting of leaflet perforation/destruction; excess leaflet motion (Carpentier type ll) in the setting of degenerative disease
(i.e., Barlow’s disease or fibroelastic deficiency) and flail leaflets (i.e., with chordal rupture); or restricted motion (Carpentier type llla) in
the setting of rheumatic or calcific disease. In secondary MR, the mitral apparatus is normal, however, dilatation of the left atrium (LA)
or left ventricle (LV) may result in malcoaptation of the leaflets. In atrial functional MR, the annulus is dilated with inadequate leaflet
length to cover the annular area, however, leaflet motion is normal (Carpentier class l) with leaflets closing at or near the annular plane.
In ventricular function MR, dilatation of the ventricle and displacement of the papillary muscles toward the apex result in leaflet teth-
ering (i.e., location of leaflet coaptation apical to the annulus) with restriction of leaflet closure but normal diastolic excursion (Carpent-
ier class llIb). Systolic leaflet excursion may be symmetric (typical of non-ischemic cardiomyopathies) or more localized (typical of
ischemic cardiomyopathy with regional wall motion abnormalities). Ao, Aorta; LAA, left atrial appendage; LAX, long-axis view; LV,

left ventricle; MAC, mitral annular calcification; ME, mid esophageal; PML, posterior mitral leaflet.

independent motion from the adjacent leaflet and (2) color Doppler sys-
tolic flow extending into the region around the leaflet. A few important
anatomic clues can be used to identify the leaflets. First, the septal leaflet
is associated with the interventricular and/or IAS. The commissure be-
tween the septal and anterior leaflets is typically adjacent to the most pos-
terior border of the noncoronary aortic sinus. The posterior leaflet, which
is often scalloped, extends from the region of the anterior papillary mus-
cle (along the lateral RV free wall) to the posterior wall of the
right ventricle. The commissure between the septal and posterior leaflets
is typically near the inflow of the coronary sinus. Because functional TR is
associated with lateral dilatation of the annulus, malcoaptation of the
leaflets frequently occurs along the septal coaptation line, and thus the
TR regurgitant orifice is often crescent shaped or elliptical.

Papillary Muscles. There are two distinct papillary muscles (anterior
and posterior) and a third variable papillary muscle (septal). The largest
is typically the anterior papillary muscle, which may be continuous
with the moderator band, supplying chordal support to both the ante-
rior and posterior leaflets. The posterior papillary muscle, which is

often bifid or trifid, lends chordal support to the posterior and septal
leaflets. The septal papillary muscle is absent or small in up to 20%
of normal patients, and frequently there are multiple direct chordal at-
tachments from the septum to the septal tricuspid leaflet. The commis-
sure between the septal and anterior leaflets tends to be the longest.

2. General Imaging Protocol for the TV (Table 6). ME
Views. There are two standard imaging planes from the ME level,
although comprehensive imaging using mechanical rotation from
0 to 150° should be considered. Imaging with the ME four
chamber view at about 0° and the ME RV inflow-outflow view at
about 60° is described in Figure 24A and Table 6. From a ME four-
chamber view of the heart at 0°, clockwise rotation of the probe to
image the right heart usually images the septal leaflet (arising from
the septum); the opposing leaflet is usually the anterior leaflet given
its larger size compared with the posterior leaflet. However, retro-
flexion of the probe may image the posterior leaflet, and simultaneous
biplane imaging may help clarify which leaflet is imaged, as the ante-
rior leaflet is typically seen adjacent to the aorta and the posterior
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Figure 20 Functional MR. Important imaging requirements for functional MR include determining the size of the coaptation gap and re-
sulting MR jet vena contracta diameter (A). Three-dimensional color Doppler allows a rapid assessment of the shape of the vena contracta
orifice and planimetry of the vena contracta area (VCA), which is frequently elliptical (B), and measurement of VCA (C). Three-dimensional
imaging is also essential to assess the annular dimensions and area (D) not only to quantify regurgitant severity but also to assess suit-
ability for transcatheter devices. Analysis of reparability as well as assessment of LVOT obstruction risk requires measurement of tenting
angle, leaflet lengths, and tenting height (E). The relationship between the LVOT and subvalvular or valvular structures should be evalu-
ated in both diastole and systole (F). AP, Anteroposterior; LV, left ventricle; MAC, mitral annular calcium; MVL, MV leaflet.

leaflet is adjacent to the posterolateral RV wall (Figure 24B). The right
atrium and RV can also be evaluated for both size and function.

The second standard ME imaging plane is the RV inflow-outflow view
at 60° (Figures 24C—24F, Table 6). On single-plane imaging, the anterior
leaflet is adjacent to the aorta and the posterior leaflet is opposite,
attached to the posterolateral wall of the right ventricle (Figure 24C).
The septal leaflet is behind the plane of imaging, which can be appreci-
ated from the real-time narrow-sector 3D volume (Figure 24D). Using
simultaneous biplane imaging, scanning from the aortic side (anterior
annulus) to the opposite side of the valve (posterior annulus) will permit
imaging of the entire commissure between the septal and anterior leaf-
lets (Figure 24E) and septal and posterior leaflets (Figure 24F).

DE Views. Because the lower right heart border is close to the dia-
phragm, careful insertion of the TEE probe into the distal esophagus
brings the probe closer to the tricuspid annulus (Figure 25A). From
the DE level, the 0° view may image the septal leaflet or the posterior
leaflet, with the opposing anterior leaflet; 3D imaging (Figure 25B)
may be required to identify the leaflets. A dedicated DE RV inflow-
outflow view (at 60°-90°) should also be performed (Figure 25C)
and a sweep of the TV annulus performed as described for ME-level im-
aging. The DE level may allow alignment of the Doppler beam with the
regurgitant jet and permit a comprehensive evaluation of TV function.

TG Views. Because of the proximity of the TV to the TEE probe
from TG views, this imaging level is ideal for identifying leaflet and
subvalvular morphology. The TG RV inflow-outflow view is obtained
at 0° by advancing the probe into the stomach, rotating clockwise to
center the TV in the imaging plane, and using both right and anteflex-

ion (Figure 25D). The orthogonal biplane view positioned at the
leaflet tips can be used to identify the complex leaflet anatomy,®’
or alternatively, a single-plane SAX view can be obtained between
20° and 60° (Figure 25E).”° This view may be particularly useful to
image the coaptation zone at the tips of the leaflets and the origin
of the TR jet on color Doppler. If imaging at the tips of the leaflets
cannot be obtained with a single-plane image at 20° and 60°, then
it is helpful to rotate to about 90° to 120° and obtain the two-
chamber RV view, where the orthogonal biplane cursor can be posi-
tioned at the leaflet tips in systole. The TG view is one of the essential
preprocedural planning views, particularly for transcatheter edge-to-
edge repair, as the coaptation gaps of the leaflet tips can be measured
and the location of the regurgitant orifice can be confirmed. Three-
dimensional imaging can also be used to identify leaflets and the loca-
tion of the papillary muscles (Figure 25F).

DT Views. Advancing the TEE probe further into the stomach along
with rightward anterior flexion produces a DT view of the TV
(Figure 25QG), which may also align the ultrasound beam with flow across
the TV and thus permit accurate Doppler interrogation (Figure 25H).

Three-Dimensional Echocardiography. Because the TV and
tensor apparatus anatomy is highly variable,>*”"”? understanding
the complex anatomy has been significantly advanced using 3D im-
aging.”* ° Three-dimensional echocardiography has improved imag-
ing accuracy and identification of the number and location of the
tricuspid leaflets®” and associated anatomic components of the TV
complex, thus obviating the need for mental reconstruction of multi-
ple 2D planes.'? Lang et al.'' suggested a standardized imaging display
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Figure 21 Anatomy of the PV. (A) Pulmonic root (red box) complex on CT with magnified image (B, pulmonic root between the white
dashed lines). (B) Sinotubular junction (STJ), pulmonary sinuses, PV leaflets, crown-shaped annulus (red lines), interleaflet triangles
(ILT), and ventriculoarterial junction (VAJ). An ME RV inflow-outflow imaging plane is shown in panel C with associated 3D volume in
panel D. Gross anatomy of the PV with left, right, and anterior leaflets (E) can be correlated with the 3D multiplanar view of the PV in
panel F. A, Anterior; Ao, aorta; RA, right atrium.
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Table 5 PV imaging protocol
Imaging level: ME/UE view 45°-60°
Acquisition protocol:
¢ ME RV inflow-outflow view (with AV en face)
should show tricuspid inflow extending to
the infundibular outlet septum and RVOT.
Both the TV and PV are seen.
e Withdrawal of the probe to the UE view
while maintaining good contact with the
esophagus demonstrates the supravalvular
region, branch PAs, and may improve
leaflet visualization.
Planar imaging Volumetric imaging Functional imaging
A. From the ME imaging plane the A. Three-dimensional imaging is best A. UE color Doppler imaging is useful for
subpulmonary region is best achieved from the ME or higher assessing both stenotic and regurgitant PV
demonstrated. The valve leaflets may also position that optimizes visualization lesions. In this case of prosthetic PS,
be seen and the RVOT is measured for of the PV complex including leaflets turbulent systolic color flow is easily imaged.
calculation of right ventricular stroke (arrows), VAJ, and STJ. B. UE views may align the ultrasound beam with
volume. B. Three-dimensional en face imaging flow, and CW Doppler can be performed.
B. The high esophageal position will best demonstrates leaflet
demonstrate the valve, supravalvular morphology and configuration.

region, main, and oftentimes branch PAs.
(Continued)




Journal of the American Society of Echocardiography Hahnetal 39

Volume M Number l

Table 5 (Contuinued)

Imaging level: TG 0-60°

Acquisition protocol:

e |f the LVOT is visualized,
leftward rotation of the probe
will display the RVOT.

e The inflow and outflow of the
right ventricle are

demonstrated.
Planar imaging Volumetric imaging Functional imaging

A. Biplane imaging at 0°-20° shows a A. When TG images show the valve clearly, A. PW Doppler at the level of the PV annulus
well-expanded subpulmonary region. 3D imaging can be performed. from TG views can be used for calculation of
The leaflets are frequently difficult to However, volumetric imaging is often the RVOT stroke volume.
visualize. hindered by the far-field location of the B. If the ultrasound beam is well aligned with

B. Imaging at 40°-60° demonstrates the RVOT and PV. flow, CW Doppler should be performed to
entirety of the RVOT. Both of these image the systolic flow and, when present,
positions provide ideal angulation for the diastolic (regurgitant) flow.

spectral Doppler interrogation.

A, Anterior leaflet; Ao, aorta; L, left leaflet; LA, left atrium; LPA, left PA; MPA, main PA; PG, pressure gradient; PVA, PV area; PW, pulsed-wave; Qp/
Qs, ratio of pulmonary flow to systemic flow; R, right leaflet; RA, right atrium; RPA, right PA; RV, right ventricle; STJ, sinotubular junction; SV, stroke
volume; VAJ, ventriculoarterial junction; Vmax, maximum velocity; Vmean, mean velocity; VTI, velocity-time integral.
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Figure 22 PV imaging. The PV can be imaged from both ME and UE levels. From the ME RV inflow-outflow view, the RVOT is well
imaged and in this case exhibited dynamic subpulmonic obstruction (yellow double arrow, A) with turbulent flow on color Doppler (B).
From the UE RV outflow view at a transducer angle of 45° to 60°, the PV (red arrows, C) is imaged without intervening left or right heart
structures. Given the alignment of the insonation beam, Doppler for PR (red arrows, D) or PS (E, F) can be performed. This level of
imaging may provide optimal imaging windows for 3D rendering of the PV (G, H). A, Anterior cusp; Ao, aorta; L, left cusp; LA, left
atrium; LPA, left PA; MPA, main PA; P, posterior cusp; PG, pressure gradient; PVA, PV area; R, right cusp; RA, right atrium; RPA,
right PA; RV, right ventricle; S, septal leaflet; Vmax, maximum velocity; Vmean, mean velocity; VR, velocity ratio; VT, velocity-time
integral.
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Figure 23 TV anatomy. (A) Computed tomographic volume rendering showing the mural (yellow band) and septal (blue band) seg-
ments of the tricuspid annulus. The right coronary artery (RCA) encircles the entire mural segment. On cardiac magnetic resonance
imaging (B) the atrioventricular groove (red box) is magnified in panel C, allowing visualization of all the components of the tricuspid
annulus: the hinge, the atrial wall (AW), the ventricular wall (VW), and the epicardial adipose tissue (EAT). Three-dimensional trans-
thoracic echocardiographic images of tricuspid leaflets from the right ventricular perspective are shown in the anatomic (D), sur-
geon’s (E), and bicaval (F) orientations. A, Anterior leaflet; LA, left atrium; LV, left ventricle; P, posterior leaflet; RA, right atrium;

RV, right ventricle; S, septal leaflet.

for the en face view of the TV with the IAS placed inferiorly (at the 6
o'clock position) regardless of the atrial or ventricular orientation
(Figure 25B). From all imaging levels and views, this orientation re-
quires an additional z-plane rotation of the image and could lead to
significant confusion in the setting of marked leaflet variability.
Many interventional echocardiographers do not perform the final
rotation, with the resulting TV en face view mimicking the leaflet
orientation of a SAX TG view (Figure 25F), with the interventricular
septum on the right side of the screen and the aorta located at the 5
o'clock position.” In either situation, using the adjacent anatomy to
identify leaflets allows consistent identification of the leaflets with
the aorta adjacent to the anteroseptal commissure and the coronary
sinus adjacent to the posteroseptal commissure.

If 3D imaging is adequate to see the leaflet tips, measurement of
leaflet lengths, coaptation gaps, and color Doppler vena contracta
width or area at the site of malcoaptation can be performed using
3D multiplanar reconstruction (either real time or offline). Annular
measurements (linear dimensions, area, or perimeter) for device
sizing or quantitation of diastolic stroke volume are also performed
on multiplanar reconstruction. Of note, when calculating the diastolic
stroke volume, a planar annular measurement should be
used’” because quantifying the volume of a column of blood is per-
formed. The TV annulus in normal patients is nonplanar with dy-
namic variability during the cardiac cycle, and measurement of this
complex shape may require special software or offline use of the
MV quantitation software packages.”®”®

Grading the Severity of TR. Grading the severity of TR has been
described in the ASE guidelines® as well as the European
Association of Echocardiography guidelines and focuses on assess-
ment by TTE.”? Nonetheless, TEE imaging can be used to assess
many of the parameters (Figure 25H). It is essential to use a multipara-
metric method for determining severity, as no single parameter has
adequate specificity. Multiple investigators are attempting to
refine®>19%1%" and validate'%*'°° newer methods and criteria for
quantitation of TR.

3. TV Stenosis. The most common etiologies of tricuspid stenosis
are rheumatic disease, congenital abnormalities, metabolic or enzy-
matic abnormalities (e.g., carcinoid syndrome), and active infective
endocarditis.'®” Rheumatic involvement of the TV does not typically
occur without involvement of left-sided valves.®” Similar to rheumatic
MYV disease, there is fibrous thickening of valve leaflets with fusion of
commissures and thickening, shortening, and fusion of the chordae
tendineae. TV stenosis can develop secondary to implantable cardiac
electronic devices when endocardial leads cause injury to the valve,
initiating a cascade of inflammatory response and fibrosis.'%®
Percutaneous balloon valvuloplasty for native TV stenosis has been
reported, but surgery is the preferred intervention.

4. Primary TR. A recent prospective cohort study showed that pri-
mary TR accounted for 7.4% of cases (n = 157), whereas secondary
TR accounted for 92.6% of cases (n = 1,964). In the group with
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Imaging level: ME view 0°

Acquisition protocol:

e From the ME four-chamber view
focused on the MV (0° mechanical
rotation), rotating the probe clockwise

will center the TV in the imaging plane.
e Using right flexion may help center the

TV and reduce interference from left
heart structures.

Planar imaging

Volumetric imaging

Functional imaging

A. Four-chamber view, which usually
images the septal leaflet (arising from
the septum) and typically the anterior
leaflet (adjacent to the right atrial
appendage).

B. Simultaneous biplane imaging with
the orthogonal inflow-outflow view.

. Three-dimensional en face imaging can

be performed using a user-defined
volume, from any 2D imaging plane that
optimizes visualization of the TV.

. Three-dimensional color Doppler

(multibeat acquisition) can be
performed to improve temporal and
spatial resolution.

A. Color Doppler biplane helps define the shape
of the regurgitant orifice.

B. PW Doppler at the annulus is used to
quantify TR.

C. CW Doppler is important to assess TR
severity and PA pressures.

(Continued)
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Imaging level: right ventricular inflow-outflow view 60°

Acquisition protocol:

e Keeping the TV in the center of the
imaging sector, forward mechanical
rotation to ~60° results in the right
ventricular inflow-outflow view, also
known as the TV commissural view.

Planar imaging

Volumetric imaging

Functional imaging

A. Biplane image adjacent to the aorta
and thus imaging the anterior and

septal leaflet in the orthogonal plane.

B. Biplane image adjacent to the
posterolateral wall and thus imaging
the posterior and septal leaflet in the
orthogonal plane.

A. Three-dimensional live imaging (narrow

volume) may be particularly useful to
assess anatomy with high temporal
resolution.

. Zoom 3D from a bicaval view allows

imaging of the IVC inflow and a
prominent eustachian valve (which can
obstruct catheter manipulation).

A. Shift the color Doppler baseline in the
direction of flow to obtain a PISA shell and
measure the PISA radius.

B. Color Doppler of the hepatic vein should
allow alignment of the ultrasound beam for
more accurate assessment of reversal of
hepatic vein systolic flow.

C. PW Doppler of the hepatic vein shows
holosystolic flow reversal.

(Continued)
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Imaging level: DE views

Acquisition protocol:
e Careful insertion of the TEE probe into

the distal esophagus brings the probe
closer to the tricuspid annulus;
frequently there is no LA seen, and only
the RA and coronary sinus with the
orthogonal view imaging the RVOT.

Planar imaging

Volumetric imaging

Functional imaging

A. From DE imaging planes (near the
diaphragm), left heart structures may
be avoided; because imaging is near
the diaphragm often the anterior and
posterior leaflets are seen.

. Biplane imaging shows the DE inflow/
outflow view in the orthogonal plane.

A. Real-time multiplanar reconstruction

allows rapid reorientation of the two
orthogonal long-axis views (top right
and top left), resulting in a SAX view of
this quadricuspid valve (lower left) and
a 3D en face view for orientation.
According to a proposed
nomenclature, the anterior papillary
muscle is used to identify the anterior
leaflet (A) and posterior leaflets (P1
and P2). The septal leaflet (S) attaches
to the interventricular septum.

. Offline MPR can be used to measure

the tricuspid annulus area, perimeter
or dimensions (blue plane) at any
point in the cardiac cycle.

A. Right ventricular function should be
assessed by the guideline-
recommended methods (e.g., TAPSE,
fractional area change) or newer
methods (strain imaging).

B. Quantitative Doppler and 3D vena
contracta area should be performed.

(Continued)
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Table 6 (Continued)

Imaging level: TG

Acquisition protocol:

o With both right and anteflexion and
rotating the probe clockwise to center
the TV in the imaging plane, a two-
chamber inflow-outflow view of the
right heart is obtained.

Planar imaging Volumetric imaging Functional imaging

A. From the TG level at 0° mechanical A. Because the TV is imaged in the near A. Color Doppler imaging of the regurgitant
rotation, with right and anteflexion, the field, 3D user-defined volumes can be orifice (at the leaflet tips) identifies the
inflow-outflow view of the right heart can obtained with adequate temporal location and shape of the regurgitant
be imaged. Biplane imaging aligning the resolution (in this example 12 Hz) with orifice
orthogonal plane at the tips of the leaflet multibeat spliced images. B. PW Doppler of the RVOT (or LVOT, when
can be performed. B. Imaging the complex and highly adequate RVOT views cannot be

B. At 20°-60° mechanical rotation, typically variable subvalvular apparatus may obtained) should be performed to
without right flexion and only mild require 3D imaging. calculate forward stroke volume.

anteflexion (to visualize the tips of the
leaflets), a single-plane SAX view is
obtained.

C. At a mechanical rotation of 90°-120°, the
reverse inflow-outflow right ventricular
view is obtained; here biplane imaging
allows SAX imaging of the leaflet tips.

(Continued)
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Table 6 (Continued)

Imaging level: DT

Acquisition protocol:

e Advancing the TEE probe further into
the stomach along with rightward
anterior flexion produces a DT view of
the TV, which frequently can be used to
assess TV function using Doppler
parameters.

Planar imaging

Volumetric imaging

Functional imaging

A. From the DT position, the probe is near
the apex of the right ventricle with the
tricuspid annulus more perpendicular to
the ultrasound beam. In this example of a
patient with rheumatic tricuspid
stenosis, prominent doming of the
leaflets is seen in diastole.

A. The DT view can be used to acquire 3D
imaging of the TV.

B. 3D multiplanar reconstruction (MPR) is
used to identify the tricuspid orifice area
at the tips of the leaflets (blue box).

A. PW Doppler at the annulus is used to

B.

perform quantitative Doppler calculations of
diastolic stroke volume.

The most complete and highest systolic and
diastolic CW Doppler velocities may be
obtained from these views.

(Continued)
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Imaging level: DT

B. With the ultrasound beam aligned
with flow, a comprehensive Doppler
assessment can be made.

C. From any well-imaged 3D volume,
quantitative assessment of valve or
annular area can be made using
online or offline measurement tools.
In this example of tricuspid stenosis,
the area is significantly reduced.

A, anterior leaflet; Ao, aorta; CS, coronary sinus; LA, left atrium; LV, left ventricle; LVOT, left ventricular outflow tract; MPR, multiplanar reconstruc-
tion; P, posterior leaflet; P1, posterior leaflet adjacent to anterior leaflet; P2, posterior leaflet more posterior to P1; PG, pressure gradient; PW,
pulsed-wave; Qp/Qs, ratio of pulmonary flow to systemic flow; RA, right atrium; RAA, right atrial appendage; RV, right ventricle; RVFWS, right ven-
tricular free wall strain; RVGS, right ventricular global strain; S, septal leaflet; SV, stroke volume; TAPSE, tricuspid annular plane systolic excursion;
Vmax, maximum velocity; Vmean, mean velocity; VR, velocity ratio; VTI, velocity-time integral.

primary TR, the most frequent etiology was cardiac implantable elec-
tronic devices (66.5%), representing 5% of all patients with TR.'%”
Potential mechanisms of cardiac implantable electronic device—
mediated interference of the TV apparatus include lead entrapment
in the subvalvular apparatus, leaflet perforation, lead impingement
on a TV leaflet, and lead adherence to the TV leaflet. An overview
of how to diagnose cardiac implantable electronic device—-mediated
interference on echocardiography has been recently published.''”
The next most common etiology of primary TR was myxomatous dis-
ease.'%” Although some degree of prolapse is common for the
nonplanar TV, a diagnosis of TV prolapse is typically reserved for
excessive billowing into the right atrium associated with redundancy
of the tricuspid leaflets. This abnormality is seen in 20% of patients
with concomitant MV prolapse. Ebstein anomaly, a congenital valve
lesion, defined as >8 mm/m? apical displacement of the septal leaflet,
should be differentiated from other primary causes of TR: the exag-
gerated displacement of the valve annulus and resultant “atrialization”
of the basilar RV currently preclude transcatheter annular repair or
valve replacement.

5. Secondary TR. Secondary TR is much more common than pri-
mary disease and can be categorized either by the etiology (disease
process) or mechanism (morphologic abnormality of the tricuspid
apparatus).%° If classified by underlying disease, secondary TR can
be associated with (1) left-sided heart disease (valve disease or LV
dysfunction), (2) pulmonary hypertension (either precapillary or post-
capillary), (3) RV dilatation or dysfunction (myocardial disease or RV
ischemia or infarction), and (4) diseases associated with isolated atrial
dilatation (atrial fibrillation and heart failure with preserved ejection
fraction). Morphologic classification of secondary TR includes (1) ven-
tricular functional TR, related to RV dilatation or dysfunction, and (2)
atrial functional TR (previously known as idiopathic or isolated func-
tional TR) associated with right atrial and tricuspid annular dilatation
or dysfunction. The common TV morphologic abnormalities associ-
ated with ventricular functional TR include (1) RV dilatation resulting
in a more spherical ventricle, with or without dysfunction; (2) teth-
ering of the tricuspid leaflets in the setting of papillary muscle displace-
ment (Carpentier class IlIb); and (3) mild dilation of the tricuspid
annulus with or without right atrial dilatation. TV morphologic abnor-
malities associated with atrial functional TR include (1) severe dilata-
tion and dysfunction of the right atrium and tricuspid annulus, (2)
minimal tethering of the tricuspid leaflets with otherwise normal
leaflet motion (Carpentier class ), and (3) dilatation of the RV base
with preservation of the conical RV shape.'"!

The superior vena cava (SVC) and inferior vena cava (IVC) are
important anatomic structures providing easy access for transcatheter
approaches to the TV and thus should be comprehensively imaged.
The IVCis the largest vein in the human body, with a normal size usu-
ally <21 mm.® The SVC is often irregular in shape on cross-sectional
images with a normal range for the major axis of 1.5 to 2.8 cm and a
minor axis range of 1 to 2.4 cm. Although in young patients the out-
lets of the SVC and IVC face each other, lateralization and conver-
gence of the veins occurs in older subjects''” that may have
significance for device or guide catheter positioning,

G. Assessment of the LAA

Given the risk associated with surgical LAA ligation, percutaneous LAA
occlusion and exclusion devices were approved by the US Food and
Drug Administration for the prevention of stroke in patients with atrial
fibrillation who are intolerant of long-term systemic anticoagulation
and with CHA,DS,VASc scores = 2. These devices require a careful
multimodality approach with a specific focus on echocardiography for
preprocedural device implantation evaluation.

1. Anatomy of the LAA. The LAA is a fingerlike projection extend-
ing from the left atrium with a well-defined orifice. In most hearts, the
LAA extends between the anterior and lateral walls of the left atrium
with its tip by the pulmonary trunk or the main stem of the left coro-
nary artery or circumflex artery.''* Internally, the left lateral ridge
(“Coumadin ridge”) separates the orifice of the LAA from the left up-
per pulmonary vein, while the smooth wall of the left atrium separates
the orifice from the mitral annulus (Figures 26A-26C).'"°

The LAA is made up of the ostium, neck, body, and apex.
Although the walls of the LAA are relative smooth, the apex can be
made up of parallel muscle bundles (pectinates, Figure 26B) that can
be mistaken for thrombi.""” The apex itself can be comprised of several
lobes or visible outpouchings from the main tubular body of the LAA.
An increase in the number of lobes has been reported to be associated
with the presence of thrombus independent of other clinical risk fac-
tors.''® There are four morphologic variants or types of LAA
(Figure 26D-G), with “chicken wing” being the most common, fol-
lowed by “cactus,” “windsock,” and “cauliflower.”""” The cauliflower
morphology is most often associated with embolic events.''”

116

2. General Imaging Protocol for the LAA (Table 7). A compre-
hensive TEE evaluation of the LAA should include identification of
the morphology and function of the LAA; identification of number
and location of accessory lobes; identification and measurement of
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Figure 24 ME imaging of the TV. From the ME level of imaging, the TV is in the far field, and the annular plane cannot be aligned
perpendicular to the ultrasound beam (A). Nonetheless, right atrial and right ventricular (RV) size and function can be assessed.
Biplane imaging (B) is essential because the three leaflets of the valve cannot be imaged at this level from a single 2D imaging plane.
The RV inflow-outflow view (C) is the equivalent of the MV commissural view. Using live 3D (D), it is clear that the septal leaflet (S) is in
the far field and performing a “sweep” from the aorta (anterior-septal commissure; E) to the posterolateral wall (posterior-septal
commissure; F) will typically image the most common regions of leaflet malcoaptation. A, Anterior leaflet; Ao, aorta; LA, left atrium;
LV, left ventricle; P, posterior leaflet; RA, right atrium; RAA, right atrial appendage.
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Figure 25 DE, TG, and DT views of the TV. Careful advancement of the TEE probe into the distal esophagus brings the probe closer to
the tricuspid annulus for DE views (A-C). From the 0° rotation, the left atrium is often not seen, and only the right atrium (RA), right
ventricle (RV), and coronary sinus (CS) are visualized (blue box), while the orthogonal view demonstrates the RVOT (red box, A).

(Figure legend continued at the bottom of the next page).
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the neck, body, and apex in standard imaging planes; imaging of adja-
cent structures (e.g., left atrium, right atrium, IAS, pulmonary veins,
and MV); evaluation of the IAS (e.g., atrial septal aneurysm, patent fo-
ramen ovale [PFOI); documentation of pericardial effusion; and pres-
ence of spontaneous echocardiographic contrast (“smoke”), sludge, or
thrombus (Figure 26H-26K).

ME Views. Measurement and assessment of the LAA landing zone
and LAA depth are crucial for these procedures. On 2D TEE imaging,
the LAA is measured from the 0°, 45°, 90°, and 135° views
(Figure 27)."?° Of note, new iterations of commercial devices are
not only shorter in length but have a conformable shape; thus, mea-
surements of the usable length of the LAA may not be orthogonal to
the LAA orifice. Manipulation of the lateral plane can help in identi-
fying the number and position of LAA lobes, as can rotating the probe
from side to side when it is at 90°. It is also important to note the shape
of the LAA, number of lobes, and the lobe positions relative to the
ostium.

Three-Dimensional Echocardiography. Several LAA percuta-
neous occlusion devices rely on TEE assessment of the landing
zone. Because of the difficulty in obtaining an adequate view using
2D imaging, 3D TEE imaging is frequently used to determine the
diameter and depth of the landing zone, although newer iterations
of the currently available intracardiac LAA occlusion device are not
as limited by depth as prior iterations. Using multiplanar reconstruc-
tion with alignment of orthogonal planes at the proposed landing
zone, LAA depth and diameter of the landing zone can be measured
(Figure 28D). Three-dimensional imaging may be particularly useful
before delivery of an epicardial LAA suture exclusion device, which
must be maneuvered around the body of the LAA to snare the
appendage epicardially (Figures 28E and 28F)."?!

H. Assessment of the IAS

ASD is the third most common congenital heart defect.'?* Secundum
ASD:s, located within the fossa ovalis, are the most common and are
often amenable to percutaneous device closure, in contrast to the
other ASD types. Preintervention TEE assessment of the secundum
ASD is typically performed in patients already identified to meet
closure indications: right heart dilatation, ratio of pulmonary flow to
systemic flow > 1.5, absence of cyanosis, and absence of irreversible
or severe pulmonary hypertension. Severe pulmonary hypertension is
defined as PA systolic pressure greater than one half systemic pressure
and pulmonary vascular resistance greater than one third systemic.”?

1. Anatomy of the IAS. Three components of the IAS can be iden-
tified during in utero development: the septum primum, septum secun-
dum, and atrioventricular septum. The fossa ovalis develops from the
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embryonic septum primum, forms the central portion of the IAS
(Figures 29A—-29D), and is the primary location for transseptal punc-
ture (Figures 29E and 29F). The fossa ovalis is surrounded by the
septum secundum, an infolding of the atrial roof rather than a true
IAS. When this infolding is filled with epicardial fat, it is often referred
to as lipomatous septal hypertrophy (Figures 29A-29C), but this is a
“false septum,” as the epicardial fat layer is outside the atria.'”*> Other
important adjacent structures include the aortic root anteriorly, and
the venous inflows to the right atrium, namely, the IVC, SVC, and cor-
onary sinus, which are immediately adjacent to the left atrium. The
Chiari network and Eustachian valve are normal anatomic variants,
frequently present on the right atrial side of the IAS. A PFO may persist
in adulthood as an opening between the septum primum and septum
secundum, at the anterosuperior aspect of the fossa ovalis.

Secundum ASDs may be single or multiple defects within the
thin septum primum (Figure 30A), usually with a well-formed
septum secundum. The defects are surrounded by rims of tissue
adjacent to the bordering structures of the right atrium.
Whereas secundum defects can typically be closed using trans-
catheter techniques, nonsecundum defects cannot be closed
percutaneously.

A primum ASD, also known as partial atrioventricular canal defect
(Figure 30B), is an endocardial cushion defect. This lesion results in
abnormal atrioventricular valve morphology, including what appears
as a cleft of the left atrioventricular valve but is in fact the commissure
of a bridging leaflet that attaches to the crest of the interventricular
septum and thus lacks the normal apical offset of the TV.'** The asso-
ciated ostium primum ASD is bound anteriorly by the atrioventricular
valve annulus and is thus not amenable to transcatheter device
closure. The cleft in the septal leaflet of the left atrioventricular valve
is directed toward the septum and may be accompanied by MR.

Sinus venosus septal defect is a partial or complete absence of the
sinus venosus septum and thus not a true defect in the atrial septum.
When the communication occurs between one or more of the right
pulmonary veins and the SVC and/or posterior wall of the right
atrium, it is the superior type (Figure 30C), in contrast to the less
common inferior type near the IVC (Figure 30).'*> Anomalous cor-
onary sinus septal defect is the least common and results from partial
or complete unroofing of the coronary sinus, with a resultant shunt
from the left atrium through the coronary sinus and into the right
atrium. Diagnosis of coronary sinus septal defect is challenging,
but if there is suspicion on TTE because of right heart and coronary
sinus dilatation, TEE imaging should reliably demonstrate the
defect.'*®

PFO is not a true deficiency of atrial septal tissue but rather a po-
tential space or separation between the septum primum and septum
secundum that occurs in up to 20% to 25% of the population.'?” A
growing body of literature currently supports the use of closure

(Figure 25 legend continued from preceding page). Three-dimensional imaging can be performed from any view. (B) En face sur-
geon’s view, which, similar to the MV en face view, requires a 180° rotation. Many interventional echocardiographers prefer not to
perform the final rotation. The DE 60° to 90° view (C) is similar to the ME inflow-outflow view but, given the deeper imaging plane, may
visualize the anterior and posterior leaflets, aligning the color jet though this coaptation gap. Advancing the probe past the lower
esophageal sphincter into the stomach results in TG views. Using biplane imaging from a TG RV inflow-outflow view (D) or a
single-plane SAX view (E) allows 2D SAX imaging of all TV leaflets; the anterior leaflet (A) in the far field, the posterior leaflet (P) in
the near field, and the septal leaflet (S) on the right (with aorta [Ao] also in the far field). The resulting 3D en face view mimics this
TG SAX view (F). Further advancement of the probe results in the DT views (G), which may allow optimal alignment of the ultrasound
beam with the TR jet for Doppler assessment of TR severity; panel H shows a midsystolic biplane still frame with color Doppler shift
and measurement of the flow convergence radius (right panel) used for the calculation of effective regurgitant orifice area by PISA

measurement. LV, Left ventricle.
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Figure 26 Left atrial appendage (LAA) anatomy. Two-dimensional TEE imaging at 45° (A) demonstrates major anatomic features of a
normal LAA. Three-dimensional TEE imaging in a zoom mode (B) demonstrates major anatomic features of a normal LAA. Three-
dimensional TEE imaging can also be used to image adjacent anatomy (C). Advanced three-dimensional rendering tools are useful
to characterize the variants of LAA anatomy (D-G). In these examples, the 3D-rendered anatomy (subscript 1) and representation of
the anatomy (subscript 2) are shown for a “windsock” LAA (D.,), “chicken wing” LAA (E4.»), “broccoli” LAA (F1.5) and “cactus” LAA
(G1-2). Two-dimensional imaging with long digital captures are used to evaluate flow within the LAA lumen: normal (H), spontaneous
echocardiographic contrast (SEC; also referred to as ‘“‘smoke’’; yellow asterisk, 1), sludge (yellow asterisk, J), and thrombus (yellow
asterisk, K). GCV, Great cardiac vein; LA, left atrium; LCx, left circumflex coronary artery; LLPV, left lower pulmonic vein; LUPV, left
upper pulmonary vein; MV, mitral valve; PA, pulmonary artery; TS, transverse sinus.
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Table 7 LAA imaging protocol

Imaging Level: Mid-Esophageal 0-135°

Acquisition protocol:

e Maneuver: advance, anteflex with lateral
flexion used to optimize imaging.

e Single-plane imaging of the LAA should be
performed at ME 0°, 45°, 90°, and 135°.

e Add biplane views as needed.

Planar images Volumetric imaging Functional imaging

A. Single-plane imaging of the LAA should A. Three-dimensional multiplanar A. Pulsed-wave Doppler of the LAA measures

be performed at ME 0°, 45°, 90°, and
135°; a slight anteflexion is required to
bring the LAA in view. At this view, one
must measure the LAA depth and the
width of the landing zone.

reconstruction allows measurement of at
least the maximum and minimum
dimensions of the LAA at the intended
implantation zone. LAA length can also be
measured.

LAA emptying velocity. Higher emptying
velocities (toward the LA, above the
baseline) in panel A1 are normal. The lower
the emptying velocity (A2), the higher the

(Continued)
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Imaging Level: Mid-Esophageal 0-135°

B. Biplane imaging can be used from any
angle. This is an example of the 45° view
in the left panel and the 135° view of the
LAA in the right panel. Note in the 45°
view, the proximity of the LUPV and the
relationship of the LCx to the LAA. At this
view, one also must measure the depth of
the LAA and the landing zone diameter.

B. Three-dimensional rendering of the LAA
cavity using a transparency imaging
mode allows an assessment of the
internal structures (B1) as well as overall
morphology (B2) in this case, of a
“chicken wing” LAA.

chance for stasis and thrombus
formation in LAA.

B. Dense SEC (B1) or thrombus (B2) should
be described.

LAA, Left atrial appendage; LCx, left circumflex coronary artery; LUPV, left upper pulmonary vein; SEC, spontaneous echocardiographic contrast.

devices for PFO with right-to-left shunting in the setting of crypto-
genic stroke,'?5 13!

2. General Imaging Protocol for the IAS (Tables 8 and
9). Guidelines for performing comprehensive TEE imaging to
delineate the anatomic structure of the right atrium' and for
the echocardiographic assessment of ASD and PFO have been
previously published,'”” and a summary of the essential compo-
nents of a comprehensive interatrial septal examination listed in
Table 8. Preprocedural TTE is adequate in most pediatric patients
and some adults, but TEE imaging may better characterize atrial
septal anatomy in anticipation of device closure or transseptal
puncture (Table 9). This is especially important because intracar-

diac echocardiography currently is increasingly adopted as the
modality of choice to guide percutaneous closure of ASDs.'*?
Biplane imaging is useful, but with larger defects the image sector
may be inadequate. As secundum ASDs may be located any-
where within the septum primum, it is recommended to start im-
aging at 0°, then increase in 15° increments until fully rotated to
120° for complete evaluation of the septum.'?” The rims of IAS
surrounding secundum ASDs should be measured as in Figure 31.
Deficiency (<5 mm) of specific rims may preclude closure.'””
Defects larger than available device sizes and anomalous connec-
tions of any of the pulmonary veins are additional conditions that
may necessitate surgical intervention. IVC interruption is a
congenital anomaly in which the IVC terminates below the

Figure 27 Two-dimensional imaging of the LAA. The LAA should be visualized at 0°, 45°, 90°, and 135° with both diameter and depth
of the LAA measured. For nondisc lobe occluder devices, the ostium is measured from the circumflex artery to a point 2 mm below the
tip of the left upper pulmonary vein limbus (A-D). For disc lobe occluders, the ostium is measured from the top of the MV annulus to a

point 2 mm from the tip of the pulmonary vein limbus (E-H).
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Figure 28 Three-dimensional imaging of the LAA. Three-dimensional imaging en face zoom view of the LAA (A) with correspond-
ing 2D TEE biplane imaging with corresponding axis planes of 45° (B) and 135° (C). Multiplanar reconstruction of the LAA (D)
can be used to perform the measurements of the LAA ostium from any 2D orientation with the added benefit of identifying the
largest dimension of the LAA, which may fall between the standard 2D imaging angles. Measurement of the largest dimension of
the body of the LAA (E, F) is required for epicardial LAA exclusion devices. LA, Left atrium; LCx, left circumflex coronary artery;

LUPV, left upper pulmonary vein.

hepatic vein, and hemiazygous or azygous continuation permits
venous drainage into the SVC. Preferably diagnosed by TTE
rather than TEE imaging, this condition necessitates either a trans-
jugular'®® or transhepatic approach, which increases the

complexity of ASD device placement.

UE Views. At 0° stepwise sweeping in 15° increments to 45° dem-
onstrates the superior aspect of the septum. Superiorly located secun-
dum defects or sinus venosus defects (Figure 30C) will be seen, as
well as the roof of the left atrium and right atrium.

ME Views. From the ME four-chamber view at 0°, a stepwise in-
crease of 15° in mechanical rotation to at least 90° to 110° with
gentle retroflexion will allow visualization of the entirety of the
atrial septum, including for ASD, PFO, and transseptal puncture
evaluation. The ME four-chamber view at 0° to 30° images the
posterior and atrioventricular valve rims; ostium primum and cor-
onary sinus septal defects, as well as the right pulmonary veins,
can be assessed. The ME inflow-outflow view at 45° to 60°

(with aorta in view) images the anterior/superior aortic rim. The
ME bicaval view at 90° to 120° images the superior and inferior
rims (Figures 32A and 32B); this can be acquired as a single-plane
image or as a biplane image from the ME inflow-outflow view at
45° to 60°. Biplane imaging or 3D volumes are useful to charac-
terize elliptical defects. Clockwise rotation of the probe from this
view allows imaging of the right pulmonary veins.
Counterclockwise rotation (past the LAA) allows imaging of the
left pulmonary veins. Our recommendation is to make maximal
diameter measurements in the imaging plane, at a point during
the cardiac cycle (end-systole vs end-diastole) that yields the
largest diameter. Multiple defects may be present in the fossa ova-
lis, accounting for 4.5% of cases,””* and are best seen from ME
views with color Doppler (Figure 32C). The multifenestrated in-
teratrial defect is present in 2.7%"* of ASDs and is commonly
associated with aneurysm of the atrial septum (Figure 32D).
Delineation of the sizes and locations of multifenestrated defects
informs device selection and anticipation of the complexity of
transcatheter closure.”>”
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Figure 29 IAS anatomy. TEE images in panels A (2D) and B (3D) show the IAS from a bicaval view. The superior portion of the septum
secundum, which is often thought of as lipomatous hypertrophy, is not a single wall between the atria but rather infoldings (curved
arrow) of the left and right atrial walls with epicardial adipose tissue (EAT) in between. The only true IAS is the fossa ovalis (FO). This
infolding filled with adipose tissue is also seen on cardiac magnetic resonance imaging (curved arrow, C). Three-dimensional TEE
image showing the FO in en face view (D) with the superior rim of the FO marked by red circles. Three-dimensional imaging without
(E) or with (F) fusion imaging can be useful to help identify the site of transseptal puncture. LA, Left atrium; RA, right atrium.

Comprehensive PFO assessment, including maximal size at its right
and left atrial ends, as well as tunnel length and evaluation for any
additional defects, is best performed from the ME inflow-outflow
view at 45° to 60° (Figure 32B). Color Doppler with a low Nyquist
limit (<40 cm/sec) will demonstrate left-to-right interatrial shunting
for the secundum ASD and right-to-left or bidirectional shunting for
PFO. If color shunting is not apparent with PFO, an agitated saline
contrast study (typically without and with physiologic maneuvers)
can be performed.""'?” Saline contrast is less frequently required to di-
agnolsze7 an ASD given advances in echocardiographic imaging capabil-
ities.

UE View. Retraction of the probe to the UE position will show
the SVC-related septum secundum for measurement of the supe-
rior rim length for ASD closure, and length of a PFO tunnel. At
120°, a suspected coronary sinus septal defect may be seen en
face behind the posterior wall of the left atrium.'>® The appear-
ance of the SVC “straddling” the 1AS (Figures 30C and 30D) is

the classic manifestation of a superior sinus venosus septal defect,
and with clockwise rotation of the probe from this view, anoma-
lous drainage of the right upper and middle pulmonary veins can
be demonstrated to differentiate from a superiorly located secun-
dum ASD.

DE View. Advancement of the probe to a lower esophageal position
with gentle flexion should outline the inferior rim. This is the most
difficult rim to delineate by TEE imaging'>® yet the most important,
as deficiency of the inferior rim, found in 3.3% of secundum
ASDs,** is associated with important device failure,>*!3%137
Suspicion of inferior rim deficiency may need additional confirmation
by TTE in patients with good echocardiographic windows or intracar-
diac echocardiography at the time of percutaneous intervention, as
with adjusted deployment, selective cases can be percutaneously
closed.”® This same probe position is ideal to identify a Chiari
network (Figure 32D), a filamentous structure formed by incomplete
resorption of the right valve of the sinus venosus, found in 2% to 3%
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Figure 30 ASD types and examples nonamenable to transcatheter closure: ASD type, size, and location predict candidacy for trans-
catheter closure. Secundum ASD may be located in the middle of the IAS, whereas nonsecundum ASD are defined by typical location
(A). Primum ASD (B) is characterized by defect of the endocardial cushions (left-hand panel, yellow asterisk) with insertion of the left
and right atrioventricular valves at the same level (yellow arrow) and a cleft MV frequently associated with regurgitation (right-hand
panel, white arrow). The superior sinus venosus defect (C, yellow asterisk) has no superior rim and abuts the SVC. The inferior sinus
venosus defect (D, yellow asterisk) has no inferior rim and opposes the IVC. Both these defects are not amenable to transcatheter
closure. Although secundum ASDs are typically approachable by transcatheter techniques, a large defect (biplane image in panel
E and 3D image in panel F) lacking the inferior rim or more than two other rims may also require surgical closure. LA, Left atrium;

LV, left ventricle; RA, right atrium; RV, right ventricle.

10 paradoxical right-to-

141

of the population.”*? Catheter entrapment,
left atrial embolus,”>’ and herniation of ASD occluder device
have been described with Chiari networks, though fortunately com-
plications appear to be rare.

This is also the optimal view to image the roof of the coronary sinus
independently from the left atrium. Presence of a dilated coronary si-
nus ostium and a visualized defect with 2D imaging and color
Doppler confirms the presence of a coronary sinus septal defect.
An isolated persistent left SVC will generate a comparable image
without an identifiable defect or right heart dilatation.

TG View. Fromthe TG LV SAX view at 0° to 20°, further anteflexion
will result in a SAX image of the MV. From this imaging plane, an ante-
rior leaflet cleft, associated with ostium primum ASD, can be visual-
ized if present.

Three-Dimensional Imaging. A comprehensive description of 3D
image acquisition for PFO and ASD is published in the 2015 ASE
guideline.'*” Real-time or narrow-angle initial acquisitions are fol-
lowed by electrocardiographically gated, wide-angle, higher tem-
poral and spatial resolution acquisitions from several key views:
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ASD

Site of transseptal puncture

ASD type

ASD size (maximal and minimal diameters)
during end-systole and end-diastole

ASD location within the septum

PFO tunnel length

Measurement of all rims
ASD shape

Exclude pulmonary arterial hypertension

Maximal size at right atrial end

Maximal size at left atrial end

Secundum septal thickness
Presence of PFO or ASD

Three-dimensional en face view of MV to identify
commissural line and medial commissure

Total length of atrial septum
Distance from PFO to venae cavae

Right-to-left shunting by color Doppler or

agitated saline contrast injection

Exclude anomalous pulmonary venous
connections

Presence of multiple fenestrations or
additional ASDs

connections

Exclude anomalous pulmonary venous

Presence of additional ASDs

For all three categories (ASD, PFO, and transseptal puncture), the following should also be evaluated: presence or absence of atrial septal aneu-

rysm and associated findings (Eustachian valve or Chiari network).

ME SAX starting at 0°, basal SAX 30° to 60°, bicaval 90° to 120°,
deep TG bicaval 100° to 120°, and four-chamber 0° to 20° views.
Anatomy of the intact septum, ASD, and rims is demonstrated
with en face 3D acquisitions of the septum from right and left
atrial aspects (Figure 31). Real-time en face imaging characterizes
the shape and size of the defect(s) throughout the cardiac cycle.

G. Assessment of the Interventricular Septum (Table 10)

VSDs occur in two to 10 per 1,000 live births.'**>'** Of the five
congenital variants of VSD (Figure 33A), perimembranous and
muscular are the two that can undergo percutaneous closure.
Outlet (also known as supracristal or subarterial), malaligned, and
atrioventricular canal type VSDs cannot undergo device closure,
because of absence of circumferential rims.

1. Anatomy of the Interventricular Septum. The interventric-
ular septum separates the left and right ventricles and has a complex
shape and structure. Its radius of curvature is the same as that of the
LV free wall and comprises about one third of the total LV mass.'*>
When viewed from the left ventricle, it consists of posterior, anterior,
and upper membranous portions. When viewed from the right
ventricle, the membranous portion is divided into an interventricular
region and an atrioventricular aspect, which is above the TV and
forms a part of the floor of the right atrium.'*® The anterior septum
is divided into two parts, one lying inferior and posterior to the crista
supraventricularis and extending between it and the tricuspid ring and
the other lying superior and anterior to the crista supraventricularis
and extending from it to the annulus fibrosis of the PV. AVSD can
occur anywhere in the septum. The criteria for closure of congenital
or acquired VSD in adulthood may include history of endocarditis
and/or ratio of pulmonary flow to systemic flow > 1.5, which may

manifest as persistent or increasing left heart dilatation, and only in
the absence of significant pulmonary arterial hypertension.”*
Congenital VSDs are shown in Figure 34."*” Outlet VSDs, also
referred to as supracristal or subarterial, are defects located in the
infundibular/outlet septum and immediately below the PV with no
anterior or superior rim of conal septum. Because of the proximity
of the defect to the PV with absence of conal septum, this VSD is usu-
ally closed surgically, though periventricular hybrid device placement
is possible."*® 1> Malaligned defects, within the conoventricular or
conal septum, occur in patients with tetralogy of Fallot, double-
outlet right ventricle, and interrupted aortic arch. These invariably
require surgical closure at the time of repair for the associated le-
sion(s). Inlet VSD (VSD of the atrioventricular canal type) is character-
ized by its location posterior and inferior to the septal leaflet of the TV.
The proximity of both atrioventricular valves and association with
straddling chordal and papillary muscle attachments'' across the
VSD preclude device closure. Muscular VSDs can be located any-
where within the trabecular septum and may be single or multiple.
They are circumferentially surrounded by muscular tissue and rarely
adjacent to important structures. Defects that lie entirely within the
membranous septum or extend into the adjacent septum and struc-
tures are termed para- or perimembranous and account for 80% of
VSDs in surgical and autopsy series.'>*'>> The membranous septum
lies adjacent to the TV on the right side and the right coronary/non-
coronary commissure of the AV on the left side. This portion of the
septum is thin and has both an interventricular and an atrioventricular
component, accounting for the apical offset of the TV. Conduction tis-
sue courses in the posteroinferior border of the membranous
septum.””' Tethering of the anteroseptal TV leaflet has been impli-
cated in spontaneous closure of these defects, as well as aneurysm
of the membranous septum, a common finding with important impli-
cations for percutaneous device closure. Finally, perimembranous
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Table 9 IAS imaging protocol

Imaging level: ME 0°-30° and right ventricular inflow-outflow 30°-65°

Acquisition protocol:

e At 0°-30°, pulmonary veins, ostium
primum and coronary sinus septal
defects can be visualized.

e At 30°-65°, with AV en face, probe
position may require advancement or
withdrawal to optimize visualization of
a secundum ASD and/or PFO and
rims.

e Retroflexion and full sector width may
be required for larger defects.

(Continued)
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Table 9 (Continued)

Planar imaging

Volumetric imaging

Functional imaging

A. In SAX the aortic (A) and posterior (P)
rims of the defect (yellow brackets) are
defined, and measurement is made of
the secundum ASD. Deficiency (<5 mm
diameter) of the aortic rim does not
typically preclude device closure.

B. A small secundum ASD, also seen in
SAX, during diastole (yellow arrow
indicates diastole on ECG) and systole
(green arrow indicates systole on ECG).
Measurements should be made when
the defect is largest during the cardiac
cycle.

C. At 0° angulation, right ventricular
dilatation is demonstrated.

D. PFOis best seen at 30°-65°. Here tunnel
length (shown), and diameter at the right
atrial and left atrial aspects can be
measured.

A. The large secundum ASD defect is
mildly elliptical, and measurements are
comparable with 2D images shown in
both SAX and long-axis (A) planar
imaging panels.

B. Three-dimensional imaging of even
smaller defects can assist in localizing
and measuring the defect. In this case,
a centrally located, symmetrically
round secundum ASD is
demonstrated with measurements
corresponding with 2D derived
measurements in both ME SAX and
long axis (B) planar imaging panels.

A. Positive agitated saline contrast study with
dense opacification of RA and RV, and clear
early passage of microbubbles to the LA
(arrow) in a case of PFO.

B. Color Doppler should demonstrate left-to-
right shunting through an ASD at a
moderate Nyquist limit. As shown in the
adjacent planar images, there can be
marked dynamic size variation in diastole
(left panel) compared with systole (right
panel).

(Continued)
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Table 9 (Continued)

Imaging level: ME long-axis 70°-110° view

Acquisition protocol:

e Maneuver: when the ASD is in view on

aortic SAX view, mechanical rotation to

this view shows superior and inferior

rims.

Withdraw probe to show superior

defects and rim.

e Advancement of the probe and gentle
anteflexion may assist with the most
difficult to visualize inferior rim.

Planar imaging Volumetric imaging Functional imaging

(Continued)
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Imaging level: ME long-axis 70°-110° view

demonstrates a view more typical of
aortic short axis. Note the prominent
Eustachian valve (EV), which can easily

A. Large secundum ASD (as seen in ME A. Biplane imaging showing the anterior/
0-30° view, Volumetric imaging, panel posterior and inferior/superior
A) demonstrating measurement at aspects of the large secundum ASD
maximal diameter with superior (S) and and maximal measurements in both
inferior (I) rims (yellow brackets) planes.
indicated. The inferior rim, best seen in B. Three-dimensional imaging (right atrial
this bicaval view, may be difficult to perspective) shows the location of the
measure but visualization of >5 mm rim rims of a large secundum ASD: (1) SVC
suggests adequate size for device rim, the posterior/superior rim
closure. between the ASD and the SVC; (2)

. Small secundum ASD (as seen in ME aortic rim, the anterior/superior rim
0-30° view, Volumetric imaging, panel between the ASD and atrioventricular
B) with adequate superior (S) and annulus and aortic root; (3)
inferior (I) rims. atrioventricular valve rim, the anterior/

. Another larger secundum ASD inferior rim between the ASD and the
measured from the anterosuperior (A) AVVs; (4) IVC rim, the posterior/inferior
rim to the posterior/inferior (P/I) rim. rim between the ASD and the IVC; (5)
With severe right ventricular dilatation posterior rim, the posterior rim toward
and levorotation of the heart, as in this the pulmonary veins.
example, a 75° angulation C. Three-dimensional imaging of a sinus

venosus ASD (absence of the sinus
venosus IAS) from the right atrial
perspective. Note the defect is

. The superior rim (S; yellow bracket) of

the defect is adjacent to the SVC as
demonstrated in this color-compare
image. Left-to-right shunting through the
defect may overestimate sizing, thus 2D
images are preferred for diameter. Any
right-to-left shunting may be indicative of
pulmonary hypertension.

. Clockwise rotation from the SVC view will

demonstrate the rim between the ASD to
the RUPV (yellow bracket) and normal
drainage of the RUPV to the LA.
Deficiency of this rim may result in
obstruction of RUPV flow after device
closure.

be mistaken for the P/l rim. Again, note
the poor visualization of the entirety of
the inferior rim, but sufficient length is
seen to consider device closure.

superior to the fossa ovalis.

A, Anterior; Ao, aorta; AVV, atrioventricular valve; EV, Eustachian valve; I, inferior; IAS, interatrial septum; /VC, inferior vena cava; LA, left atrium;
LUPV, left upper pulmonary vein; P, posterior; RA, right atrium; RPA, right PA; RUPV, right upper pulmonary vein; S, superior; SAX, short axis.

VSD:s can be associated with the development of hemodynamically
important lesions, including AV prolapse,'°* subaortic mem-
brane,>*!>°> and double-chambered right ventricle (a condition in
which the subpulmonary infundibular os becomes narrowed and ste-
notic).”® The identification of any of these associated lesions usually
prompts surgical repair. In the absence of contraindications, transcath-
eter device closure is a feasible option in expert hands, with multiple
meta-analyses describing comparable transcatheter and surgical out-
comes for closure success, incidence of complete heart block, and
valvular regurgitation in both children and adults."”” ">”

Acquired VSDs fall into two main categories: ventricular septal
rupture in the setting of septal infarction and traumatic disruption,
typically in the setting of a penetrating injury. Ventricular septal
rupture as a mechanical complication of acute myocardial infarction
has a bimodal occurrence, with peak frequencies in the first 24 hours
and at day 3 to 5 after acute myocardial infarction.'°® Transcatheter
device closure of a VSD caused by ventricular septal rupture is an
attractive alternative to surgical closure, with almost 50% reduction
in the 30-day mortality rate, especially for late intervention (>2 weeks
after acute myocardial infarction), in contrast to conservative therapy,
which carries a 92% 30-day mortality rate.'®' However, despite high
technical success and relatively low procedural complication rates,
there remains very high in-hospital mortality.'®®

Traumatic VSD is a relatively rare but important complication
of penetrating cardiac trauma, blunt chest trauma, and cardiac sur-
gery.'®” Transcatheter closure of traumatic VSDs has been
described in patients who are poor candidates for open surgical
repair.'®?

2. General Imaging Protocol for the Interventricular Septum
(Table 10). As congenital and acquired muscular VSDs may be
located anywhere within the muscular septum, and may be multiple,
it is recommended that all TEE positions that image the interventric-
ular septum be acquired with 2D and color Doppler echocardiogra-
phy. Once a VSD is identified, an orthogonal image should also be
obtained in 2D single- or biplane imaging to fully characterize the
defect. The peak velocities of TR and flow through the VSD should
be sampled using CW Doppler in the view that provides the most
in-line angle of interrogation to estimate PA pressure. If either of these
measures suggests pulmonary arterial hypertension, further imaging
should confirm absence of RVOT obstruction (Figures 33A and
33B) that may contribute to abnormal Doppler velocities. If there re-
mains any suspicion for pulmonary hypertension in patients with
congenital VSD, we recommend referral to an adult congenital heart
disease center of excellence,”” as the patient may have Eisenmenger
syndrome with irreversible pulmonary arterial hypertension and
therefore not be a candidate for VSD closure.

ME Views. The ME four-chamber view at 0°, sweeping anterior to
posterior in the septum with gentle flexion and anteflexion, may
demonstrate an apical, mid, or basilar muscular congenital or acquired
VSD but is not ideal for anterior muscular defects. The poor Doppler
angle of interrogation from this view will rarely estimate PA pressure
reliably; however, a sample of the TR jet may be possible.

The ME AV SAX view at 45° to 60° will display a perimem-
branous VSD in the 7 to 8 o'clock position immediately adja-
cent to the septal leaflet of the TV (Figure 33B). These defects
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Figure 31 ASD rims: these 3D volumes show the intact IAS (A, from the right atrial view; B, from the left atrial view) and a large se-
cundum ASD (C, from the right atrial view; D, from the left atrial view). The rims are identified by their anatomic location and measured
from the ASD to the adjacent structure(s): superior rim (S), bordered by the SVC; aortic rim (A), the anterior/superior rim adjacent to the
aortic root; atrioventricular valve rim (AVV), the anterior/inferior rim adjacent to the atrioventricular valves; inferior rim (I), the posterior/
inferior rim adjacent to the IVC and most difficult to visualize by TEE imaging; and posterior rim (P), measured to the posterior atrial
wall, often adjacent to the pulmonary veins. CS, Coronary sinus; IAS, interatrial septum; LCC, left coronary cusp; NCC, noncoronary
cusp; RUPV, right upper pulmonary vein.
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Figure 32 Complex secundum ASDs. Moderate-sized secundum ASD (A) with aneurysmal septum primum and fenestrations (yellow
arrows). The aneurysm is seen extending almost to the TV. Another multiply fenestrated and aneurysmal septum primum (B-D), which
is separate from an adjacent Chiari network (asterisk). In low esophageal long-axis position (C), the Chiari network insertion (asterisk)
is seen anterior to the IVC, separate from the inferior rim of the ASD. Color-compare imaging (D) shows left-to-right shunting through
multiple fenestrations (yellow arrows) in the septum primum, which may be difficult to differentiate from the filamentous Chiari
network. Both cases were amenable to transcatheter device closure. ASD rims are indicated where visible: A, Aortic; AV, atrioven-
tricular; P, posterior; S, superior from the various mid- and low-esophageal views.
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Imaging level: ME 0°-30°

Acquisition Protocol:

e ME 0°-30° position with probe
advancement, retraction, and anterior-
to-posterior sweep for muscular septum/
VSDs.

e AVC defects seen at the level of the
atrioventricular valves.

Planar imaging Volumetric imaging

Functional imaging

A. A muscular VSD can be imaged from the A. Triplane imaging shows the en face
ME views of the interventricular septum. 3D VSD (yellow arrow) on the top
image, with 2D biplane imaging of the
defect from the apical 4Ch view and
orthogonal image of the
interventricular septum.
B. Biplane imaging of a membranous

VSD (yellow arrow) and an associated
AMS (red arrows) formed by the
septal TV leaflet.

A. Color Doppler imaging of the muscular VSD
confirms the direction of the turbulent flow, but
CW Doppler may not be optimally aligned to
assess peak velocities and gradients.

B. Biplane imaging with color Doppler of the same
membranous VSD as in volumetric imaging
panel B with turbulent flow across the VSD
(vellow arrow) as well as TR (green arrow).

(Continued)
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Table 10 (Continued)
Imaging level: ME SAX 40°-65°

Acquisition Protocol:

e From ME 40°-65° view, with anteflexion
and probe rotation clock- or
counterclockwise, one can achieve better
alignment for visualization and
comprehensive Doppler assessment of
the VSD jet and/or TR jet.

Advancing the probe (thus positioning the
RVOT perpendicular to the ultrasound
beam) may allow visualization and
Doppler assessment of a subpulmonic
VSD.

Planar imaging Volumetric imaging Functional imaging

(Continued)
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Table 10 (Continued)
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Planar imaging

Volumetric imaging

Functional imaging

A. A membranous VSD will be visualized
behind the septal leaflet of the TV,
including AMS, if present, which
frequently involves TV tissue.

B. Subpulmonic VSD, in contrast, is
positioned immediately below the PV,
remote from the TV.

A. Three-dimensional imaging is best
achieved from the ME position.
Image quality may be compromised
by thin, hypermobile AMS commonly
seen with membranous VSD.

. Color Doppler shows membranous VSD

location size, and presence of often multiple
fenestrations in AMS.

. Color Doppler of subpulmonic VSD jet below

PV.

. Spectral Doppler through the VSD without

contamination from the TR jet, which is in the
opposite direction. High VSD jet velocity
suggests normal estimated PA pressure.

. Color aliasing through the infundibular os

(subpulmonic area) alerts to presence of
DCRV.

Imaging level: ME aortic long axis 110°-150° view

Acquisition protocol:
e Maneuver: advance, anteflex

e Angulation from 110°-150° and/or rotation

of the probe clockwise to TV valve and
counterclockwise to PV can achieve

optimal visualization of membranous and

subpulmonic VSD and proximity to Ao
leaflets.

(Continued)
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Planar imaging

Volumetric imaging

Functional imaging

A. Membranous VSD with an AMS,
immediately below the AV but posterior
and distant from the PV (not shown).

B. Subpulmonic VSD located immediately
below the AV and PV.

C. Subaortic membrane, associated with
membranous VSD, in the LVOT

A. Three-dimensional imaging from the

ME view shows a muscular VSD
(outlined in yellow) en face, allowing an
assessment of defect size and shape.

. Three-dimensional multiplanar

reconstruction can be performed to
visualize the defect en face. In this
example there is a very small
membranous septal defect (yellow
asterisk), which aligned in the short axis
and 3D views using the orthogonal
green and red planes.

A. Distance between a membranous VSD and
the AV and/or AMS is important for
transcatheter closure.

B. AV prolapse and regurgitation in the case of
subpulmonary VSD with jet directed below the
PV. The systolic VSD shunt and diastolic
regurgitation may not be seen in the same still
frame

C. AV prolapse nearly occluding this
membranous VSD. Note that the PV is not
seen in this image.

(Continued)
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Table 10 (Continued)

Imaging level: TG and DT 0°-60°

Acquisition protocol:

e Advance and strong flexion, 0°-60°
rotation to demonstrate the LVOT and
membranous VSD.

e Leftward rotation to display the RVOT
and DCRV.

Planar imaging Volumetric imaging Functional imaging

(Continued)
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Planar imaging

Volumetric imaging

Functional imaging

A. Membranous VSD and AMS may be
visualized from TG between 0°-60°.

B. From TG SAX views (0°) the muscular
VSD with echo dropout of the
interventricular septum (yellow
arrow) can be clearly imaged.

in the orthogonal view.

A. The same patient in planar imaging
panel B is now imaged using biplane
mode with the SAX of the VSD imaged

A. DCRV demonstrated as color aliasing
in the subpulmonic region due to
infundibular os narrowing.

B. Rotation of the probe demonstrates
the membranous VSD jet separate
from the RVOT flow.

C. Peak spectral Doppler gradient
obtained in ideal alignment from this
view.

4Ch, Four-chamber; AMS, aneurysm of the membranous septum; Ao, aorta; AVC, atrioventricular canal; DCRV, double-chambered right ventricle;
LA, left atrium; LV, left ventricle; LVOT, left ventricular outflow tract; PG, pressure gradient; RA, right atrium; RV, right ventricle; Vel, velocity.

may display aneurysmal accessory tissue associated with the TV
and/or aneurysm of the membranous septum, resulting in vari-
able TR and/or LV-to-right atrial shunting. Aneurysms of the
membranous septum may have multiple defects within the tissue
that can be difficult to delineate individually because of hyper-
mobility of the thin tissue. Transcatheter closure can be per-
formed in these cases, and indeed, device placement within
the aneurysm may be a preferable approach to further reduce
the low risk for complete heart block that is described with sur-
gical perimembranous VSD closure.'®® Spectral and color
Doppler interrogation of the defect as well as the TR jet should
be performed; it is crucial to differentiate TR from VSD flow to
avoid overestimating the PA pressure. The 45° to 60° view will
also demonstrate AR, possibly indicating AV prolapse, which is
associated with perimembranous VSD, and necessitates surgical
rather than transcatheter intervention.

The ME AV long-axis view at 110° to 150° is orthogonal to the first
recommended view, is important to evaluate the size of the defect,
and may provide a better angle for spectral Doppler sampling. This
view is ideal to measure the distance of the defect from the AV inser-
tion, as it represents the superior rim that will be needed to seat a
device. With the current wide range of septal occluders, vascular

plugs and asymmetric VSD devices, transcatheter closure may be
possible with even minimal subaortic rims. AV prolapse can be
readily appreciated in this view as distortion of the noncoronary
or right coronary commissure and associated AR due to the
Venturi effect.'®*'®> AV prolapse without regurgitation does not
mandate VSD closure if the defect does not otherwise warrant
closure.'®®

TG Views. From the TG location, the entirety of the muscular
septum can be evaluated in increments of 15° covering base to
apex. This is the ideal position to identify and characterize most types
of congenital and acquired muscular VSDs. These defects may be
serpiginous, have multiple points of exit within RV trabeculations,
and are best characterized from an angle showing most of the defect
in the long axis. Delineation of the surrounding tissue and maximal
diameter will inform candidacy for device closure.

Three-Dimensional Imaging. Three-dimensional imaging can be
obtained from whichever TEE level demonstrates the VSD most
clearly on 2D imaging. The en face views from RV and LV aspects,
and ME four-chamber view best demonstrate the anatomic fea-
tures.'°® Real-time 3D imaging shows the dynamic changes in defect
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Figure 33 VSD classification. VSDs may be located anywhere within the septum (A). Muscular VSDs may be congenital or a conse-
quence of trauma (B, C) or myocardial infarction (D-F). Unlike the other VSD types, these defects are typically surrounded by myocar-
dium and thus are usually amenable to device closure. The dynamic shape and size of the defects should be characterized by 2D (B),
3D (C), and color Doppler (D) echocardiography from the ME and TG views.

size and shape from both the left and right ventricular aspects to facil-
itate device selection.

CONCLUSION

Current American College of Cardiology and American Heart
Association guidelines suggest that echocardiographers who are
members of multidisciplinary teams taking care of patients with struc-
tural heart disease should have expertise in valve disease and trans-
catheter and surgical interventions, whether or not they are guiding
procedures.* The present document is a reference guideline focused
on the acquisition of essential TEE images for structural heart disease
assessment before intervention. These imaging protocols are intended
to facilitate the multidisciplinary team’s shared decision-making by

identifying (1) the mechanism of structural or valvular dysfunction,
(2) the hemodynamics as well as anatomic severity of the disease,
and (3) the specific anatomic features that may determine candidacy
for intervention.

NOTICE AND DISCLAIMER: This report is made available by
ASE as a courtesy reference source for members. This report contains
recommendations only and should not be used as the sole basis to
make medical practice decisions or for disciplinary action against
any employee. The statements and recommendations contained in
this report are based primarily on the opinions of experts rather
than on scientifically verified data. The ASE makes no express or
implied warranties regarding the completeness or accuracy of the in-
formation in this report, including the warranty of merchantability or
fitness for a particular purpose. In no event shall the ASE be liable to
you, your patients, or any other third parties for any decision made or
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Figure 34 Perimembranous ventricular septal defect (VSD) and double-chambered right ventricle (DCRV). Perimembranous VSD is
sometimes, but not always amenable to transcatheter closure. In this example mid-esophageal (ME) imaging (panels A, B) demon-
strates the VSD (red arrow), proximity to the aortic valve, presence of aneurysm of the membranous septum (*), and defect size and
shape. (B) Narrowing of the infundibulum due to DCRYV (yellow arrow) as well as color aliasing is seen below the pulmonic valve. (C)
Deep transgastric (DT) views allow a clearer image of the narrowed infundibulum (yellow arrow) and membranous septal aneurysm
(vellow asterisk) with color Doppler flow across the infundibulum aligned with the ultrasound beam. RV systolic pressure is estimated
by CW Doppler through the VSD however from ME views the measured VSD gradient is low at 45 mm Hg (panel D). Peak DCRV
Doppler gradient is measured from the DT view (panel E, see also Figures 22A and B) and is in this case severe and resulted in
the low VSD gradient. These findings are indicative of right ventricular but not pulmonary arterial hypertension. ME 3D imaging shows
the VSD as viewed from the aortic root (red arrow, F) and 3D DT imaging shows the severe infundibular stenosis due to DCRV (yellow
arrow, G). This patient was not a candidate for transcatheter closure, rather was sent for surgery due to DCRV and proximity of the
defect to the aortic valve. Ao, Aorta; PV, pulmonic valve.
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