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Intraoperative transesophageal echocardiography is a standard diagnostic andmonitoring tool employed in theman-
agement of patients undergoing an entire spectrum of cardiac surgical procedures, ranging from ‘‘routine’’ surgical
coronary revascularization to complex valve repair, combined procedures, and organ transplantation. Utilizing a pro-
tocol as a starting point for imaging in all procedures and all patients enables standardization of image acquisition,
reduction in variability in quality of imaging and reporting, and ultimately better patient care. Clear communication of
theechocardiographicfindings to thesurgical team, aswell asunderstanding the impactofnewfindingson thesurgical
plan, are paramount. Equally important is the need for complete understanding of the technical steps of the surgical
procedures being performed and the complications that may occur, in order to direct the postprocedure evaluation
toward aspects directly related to the surgical procedure and to provide pertinent echocardiographic information.
The rationale for this document is to outline a systematic approach describing how to apply the existing guidelines to
questions on cardiac structure and function specific to the intraoperative environment in open, minimally invasive, or
hybrid cardiac surgery procedures. (J Am Soc Echocardiogr 2020;33:692-734.)
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1. BACKGROUND AND RATIONALE

Intraoperative transesophageal echocardiography (TEE) is a stan
diagnostic and monitoring tool employed in the management of p
tients undergoing an entire spectrum of cardiac surgical procedu
ranging from surgical coronary revascularization to complex va
repair, combined procedures, and organ transplantation.1

The operating room is a dynamic environment with unique ch
lenges. Combinations of echocardiographic modalities, including t
dimensional (2D), three-dimensional (3D), color ßow and/or spec
Doppler, and cardiac mechanics, are used to (1) conÞrm the preop
tive diagnosis, (2) evaluate interval changes, (3) guide surgical inte
tions and hemodynamic management, (4) assess results of the su
procedure, and (5) diagnose the etiology of hemodynamic disturban
Hemodynamic ßuctuations, electrical pacing, positive pressure ventil
tion, ßuid shifts, and surgical maneuvers can impact echocardiogra
evaluation. Frequently, despite interruptions and stressors, deci
may have to be made urgently depending on patient and surgical fac
Whileacomplete echocardiographicevaluation isalways recommen
anddesirable, itmaynotalwaysbepossible due to the urgencyof the
cedure, competing clinical tasks, or surgical maneuvers.

Existing guidelines by the American Society of Echocardiograph
(ASE) comprehensively describe the application of ultrasound exam
tions in the evaluation of cardiac structures (e.g., valvular regurgitatio
stenosis of native or prosthetic heart valves),2,3 or congenital heart dis
ease,4 aswell as theprinciples,purposeand implementationofspecialize
techniques (e.g., three-dimensional imaging, cardiac deformation).5,6

The rationale for this document is not to re-write existing comp
hensive ASE practice guidelines or recommendations but rathe
outline a systematic approach on how to apply the existing guideli
to questions on cardiac structure and function speciÞc to the intrao
ative environment in open, minimally invasive, or hybrid procedur
This document will not address application of intraprocedural echoc
diography in structural heart disease (e.g., transcatheter valve pro
ures). The recommendations of this writing group are based
expert consensus and available evidence at the time of writ
including existing and pertinent guidelines from the ASE, Societ
Cardiovascular Anesthesiologists (SCA), American Heart Associa
(AHA), American College of Cardiology (ACC), American Socie
of Anesthesiologists (ASA), and related organizations.
rd

2. GENERAL PRINCIPLES

Practice guidelines for the use of perioperative TEE were develo
by the ASA and the SCA in 19967 and further reÞned in 2010.1

Based on these documents, TEE should be used in adults without
traindications for all open heart and thoracic aortic surgical proc
ures, and should be considered in coronary artery bypass gra
surgeries to: (1) conÞrm and reÞne the preoperative diagnosis
detect new or unsuspected pathology, (3) adjust the anesthetic
surgical plan, and (4) assess the results of the surgical intervent1



Abbreviations

2Ch = Two-chamber

2D = Two-dimensional

3D = Three-dimensional

4Ch = Four-chamber

5Ch = Five-chamber

ACC = American College of Cardiology

AHA = American Heart Association

AS = Aortic stenosis

ASA = American Society of Anesthesiologists

ASD = Atrial septal defect

ASE = American Society of Echocardiography

AR = Aortic regurgitation

AV = Aortic valve

AVA = Aortic valve area

AVR = Aortic valve replacement

BSA = Body surface area

CABG = Coronary artery bypass graft

CAD = Coronary artery disease

CFD = Color �ow Doppler

CPB = Cardiopulmonary bypass

CW = Continuous-wave

CS = Coronary sinus

DVI = Doppler velocity index

ECG = Electrocardiogram

ECMO = Extracorporeal membrane oxygenation

EROA = Effective regurgitant ori�ce area

FAC = Fractional area change

HCM = Hypertrophic cardiomyopathy

IABP = Intra-aortic balloon pump

IAS = Interatrial septum

IVC = Inferior vena cava

IVS = Interventricular septum

LA = Left atrium/left atrial

LAA = Left atrial appendage

LAX = Long-axis

LSCA = Left subclavian artery

LV = Left ventricle/ventricular

LVAD = Left ventricular assist device

LVH = Left ventricular hypertrophy

LVOT = Left ventricular out�ow tract

MC = Mitral commissural

MCS = Mechanical circulatory support

ME = Mid-esophageal

MS = Mitral stenosis

MV = Mitral valve

MVA = Mitral valve area

OHT = Orthotopic heart transplantation

PA = Pulmonary artery

PFO = Patent foramen ovale

PHT = Pressure half-time

PHV = Prosthetic heart valves

PISA = Proximal isovelocity surface area

PLSVC = Persistent left superior vena cava

PR = Pulmonic regurgitation

PS = Pulmonic stenosis

PV = Pulmonary veins/venous

PW = Pulsed-wave

RA = Right atrium/atrial

RHF = Right heart failure

RV = Right ventricle/ventricular

RVAD = Right ventricular assist device

RVOT = Right ventricular out�ow tract

SAM = Systolic anterior motion

SAX = Short-axis

SCA = Society of Cardiovascular Anesthesiologists

SVC = Superior vena cava

TA = Tricuspid annulus/annular

TAH = Total arti�cial heart

TAPSE = Tricuspid annular plane systolic excursion

TEE = Transesophageal echocardiography

TG = Transgastric

TR = Tricuspid regurgitation

TS = Tricuspid stenosis

TTE = Transthoracic echocardiography

UE = Upper esophageal

VA = Veno-arterial

VAD = Ventricular assist devices

VSD = Ventricular septal defect

VV = Veno-venous
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A discussion with the surgery team prior to surgical incision
help the echocardiographer set the goals of the exam, keeping the
gical plan in perspective. For most elective surgeries, the sever
the pathology being treated has often been established already by
operative imaging. Therefore, the goal of the exam is to conÞ
known Þndings and exclude additional pathology that may alter
surgical plan. Examples include the incidental Þnding of a persis
left superior vena cava (PLSVC), which could alter the manner
which retrograde cardioplegia is delivered; or a patent foramen ov
(PFO), which could require a change in venous cannulation strate
a PFO repair is necessary. A comprehensive exam may also disc
severe aortic atherosclerotic disease, which, depending on loca
could alter the location of the aortic cannulation or cross-clamp,
the decision to insert an intra-aortic balloon pump.

In emergent cases (e.g., aortic dissection, tamponade), the go
the intraoperative exam is to conÞrm the suspected diagnosis for
gery, establish the extent of associated complications, and deÞn
etiology of hemodynamic instability (abnormal wall motion, effusio
dissection). Patients presenting for urgent and emergent surger
infective endocarditis should undergo careful assessment not
of valvular lesions but especially of perivalvular complications wh
may have developed due to rapid progression of the disease. Find
such as aortic root abscess and/or pseudoaneurysm, intervalvul
brosa abscess, intracardiac Þstulas, or prosthetic dehiscence
dramatically alter the surgical plan.

A critical component of the intraoperative exam is clear commu
cation of the echocardiographic Þndings to the surgical te
Changes in surgical plan have to be carefully considered within
clinical context as part of a team discussion. As intraoperative e
cardiographic Þndings aid in postoperative management, a re
(written or electronic) generated at the end of the procedure a
summarizing the key elements of the intraoperative examination fa
itates communication with the postoperative care team.

During open-chamber surgery for left-sided lesions, prior to disc
tinuation of cardiopulmonary bypass (CPB), echocardiography
particularly valuable during assistance with de-airing. Following
completion of surgery, an early echocardiographic exam should fo
on assessment of the surgery (repair, replacement), and any u
tended consequences (e.g., wall motion abnormalities, iatrog
aortic dissection, immobile prosthetic valve leaßets). The early p
cipal goal is the assessment of any Þndings that indicate a struc
problem, which may require immediate surgical intervention.

A focused approach is therefore valuable but should not preclu
the performance of a comprehensive examination to ensure no ad
tional new Þndings. The presence of inotropic support, electrical p
ing, and volume shifts should also be considered when interpre
echocardiographic measurements.
red
3. VALVE SURGERY
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3.1. Mitral Valve

The mitral valve (MV) is one of the most anatomically and functio
ally complex structures in the heart. Although transthoracic echo
diography (TTE) is the imaging standard for preoperative diagn
and postoperative follow-up, TEE is the preferred imaging moda
in the intraoperative and immediate postoperative period.

3.1.1. Preprocedure Assessment. While grading of the severit
of MV functional abnormality is best performed by TTE und
-
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ÔÔawakeÕÕ physiologic conditions,2 TEE is best suited for a detaile
description of MV anatomical features, including mechanism of d
ease and location and extent of valvular lesions, which are prere
sites of surgical decision-making.

Comprehensive TEE examination of the mitral valve is describ
in prior ASE guidelines documents.2,8 Brießy, the mitral valve appa
ratus is assessed using mid-esophageal (ME) 4-chamber (4Ch),
commissural (MC), two-chamber (2Ch), and long-axis (LAX) view
as well as transgastric (TG) basal short-axis (SAX), mid-pap
SAX, 2Ch, and LAX views, and the deep TG 5-chamber (5C
view. Simultaneous multiplane imaging of ME or TG views may
used. By positioning (tilting) the cursor on a particular area in the
mary/reference view, further detailed anatomic imaging is provid
in the secondary/orthogonal view. Addition of color ßow Dopple
(CFD) will identify areas of abnormal ßow acceleration on eith
side of valve leaßets. However, lower temporal resolution seen w
CFD should be taken into consideration when imaging mobile
sions, such as endocarditis vegetations or chordae tendineae.

While scanning from ME windows, any 3D-echocardiograp
acquisition mode (wide angle, narrow angle, user-deÞned,
CFD) can be used. A wide-angle 3D data set (generated ei
from a full volume or zoom mode) may require electrocardiogra
(ECG)-gated, multi-beat acquisition to improve both spatial and te
poral resolution; however this may be challenging in the operat
room due to the electrical interference from electrocaute
Excessive translation of the heart during mechanical ventilation m
result in the creation of stitch artifacts, and breath holds may
required. Real-time, narrow-angle, single-beat 3D imaging may
more rapid way to interrogate the MVapparatus, however the narr
sector may eliminate landmarks necessary for locating and orien
speciÞc structures. These same principles can be used to ac
3D CFD volumes although low temporal resolution in all 3D acqu
sition modes will typically require multi-beat spliced images.

By using 3D acquisition, the MV can be examined as per A
guidelines from either the left atrial (LA) or left ventricular (LV
perspective (Figure 1).6 The MV should be oriented with the aortic
valve (AV) at the top of the screen in the 12 oÕclock position regard
if viewed from the left atrial or the left ventricular perspectiv
Including the AV, interatrial septum (IAS), or the left atrial appenda
(LAA) in the acquired 3D data set facilitates anatomic orientati
with the IAS adjacent to the medial, and the LAA adjacent to t
lateral, MV commissure. Utilizing simultaneous multiplane imag
may allow better appreciation of the relative anatomy and spatial r
tionship between the annulus and leaßets, with adjacent structur

An intraoperativecomprehensiveTEEexamination of theMV sho
include imaging and evaluation of the LA and LV. Although the size
the LA cannot be accurately quantiÞed by TEE,9 its antero-posterio
diameter at mid-systole in the ME AV SAX view should be measu
as it correlates best with TTE-derived volumetric data.10,11

3.1.2. Evaluation of SpeciÞc MV Pathologies. Mitral
Stenosis.–The etiology and mechanism of mitral stenosis (M
(rheumatic versus degenerative) should be evaluated and conÞr
by 2D and 3D echocardiographic assessment. SpeciÞcally,
severity and distribution of calciÞcation in the mitral annulus a
extension into the leaßets may impact surgical planning.

QuantiÞcation of MS should be based on the current Europe
Association of Echocardiography/ASE guidelines using a m
parametric approach,12 with the important caveat that many standar
measures of MS severity for rheumatic disease have not been
dated for degenerative MS.
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Figure 2 Echocardiographic measurements for predicting the
risk of systolic anterior motion after mitral valve repair. Abbrevi-
ations: AL, Anterior lea�et height measured from the aortic
annulus to the coaptation point; C-sept, distance from the coap-
tation point to the interventricular septum measured at end-
systole perpendicular to the septum; PL, posterior lea�et height
measured from the aortic annulus to the coaptation point.

Figure 1 (A)Mitral valve seen en face in a 3D data set from the left atrial perspective (‘‘surgeon’s view’’). Flail large P2 segment can be
seen (white arrow). (B) Mitral regurgitation jet seen with color �ow Doppler, originating at the level of the �ail P2 segment and directed
anteriorly.
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The anatomic mitral valve area (MVA) is traced in mid-diastole
ing 2D TEE (TG basal SAX with simultaneous orthogonal imaging
TG 2Ch view) to locate the narrowest oriÞce of the ÔÔfunnelÕÕ
MV, or with 3D echo-based multiplanar reconstruction and dire
planimetry of the narrowest oriÞce. Gain settings should be o
mized, particularly in 3D data sets, as excessive gain can unde
mate the MVA especially when leaßet tips are densely calciÞ
resulting in acoustic noise and artiÞcial thickening of the valve s
tures.12

Parameters of Doppler interrogation, such as pressure half-
and pressure gradients, should be used to conÞrm the severity of r
matic MS prior to surgery. It is important to remember that these m
surements are inßuenced by hemodynamic factors such
ped

ti-
,
-

-

transvalvular ßow and heart rate, which may be dynamic under g
eral anesthesia, as well as by the presence of coexistent valvul
sions (e.g., mitral regurgitation [MR], aortic regurgitation [AR]) a
diastolic dysfunction. Low ßow, low gradient MS has been w
described and a multi-parametric approach (often utilizing planim
try) is essential.12

Mitral Regurgitation.–The intraoperative determination of th
severity of MR is important in speciÞc clinical situations, includ
(1) when interval changes have occurred in cases of unplanned
surgery, such as in elective coronary artery bypass graft (CABG
AV surgery; (2) unclear etiology or severity of MR; or (3) incomple
pre-operative work-up when surgery is urgent or emergent, or due
poor transthoracic acoustic windows.

A detailed interrogation of the entire mitral annulus and MV lea
lets with 2D and 3D imaging will help identify the mechanism of MR
and the location and extent of valvular lesions as recommended in
ASE/Society for Cardiovascular Magnetic Resonance native v
regurgitation assessment guidelines.2 Important Þndings to repor
include identiÞcation of clefts (visible in diastole), scallops/segm
and accompanying sub-valvular structures with excessive mo
and leaßet appearance (thickness, masses/vegetations, calciÞc
and motion.

The risk for systolic anterior motion (SAM) after MV repair shou
be assessed prior to surgical intervention. A myxomatous MV w
redundant leaßets, especially excessive anterior leaßet tissue,
non-dilated hyperdynamic left ventricle, are frequent predispos
factors.2 In the ME 5Ch or ME LAX views, the lengths of the posteri
and anterior MV leaßets (in mid-diastole), the ratio of the anterior a
posterior leaßet heights measured at end-systole from the m
annulus to the coaptation point, the end-systolic distance from
coaptation point perpendicular to the interventricular septum (IV
also known as the ÔÔC-sept distanceÕÕ, and the angle betw
MV and AV planes should be measured (Figure 2). These measure
ments can also be performed by multiplanar reconstruction of 3
data sets, which enables manipulation of the position of the pla
of measurement and elimination of the parallax error due to obliq
orientation.13 Independent predictors of SAM post MV repa
include: a thick basal interventricular septum (>15 mm), a short
sept distance (<25 mm), a narrow aorto-mitral angle (<120� ),



Table 1 Echocardiographic assessment of right ventricular function using transesophageal echocardiographic methods

Echocardiographic parameter Imaging modality Limitations

Longitudinal function

Tricuspid annular plane systolic excursion (TAPSE)

Speckle tracking Speckle tracking
ME 4-chamber RV focused
Post-processing software based on
speckle-tracking technology is used to
track motion and displacement of the
lateral tricuspid annulus toward the RV
apex.

� Neglects wall motion abnormalities
� Neglects contribution of RVOT
� In�uenced by overall movement of the

heart
� May be decreased in patients with

otherwise normal RV function who
have undergone cardiac surgery with
cardiopulmonary bypass and
pericardiotomy

� Vendor dependent (speckle tracking)

M-mode M-mode
ModiÞed deep TG 5-chamber
Alignment of the M-mode cursor with the
longitudinal motion of the lateral tricuspid
annulus should be achieved.
TAPSE measured from end-diastole to
end-systole
Abnormal TAPSE <1.7cm

� Angle dependency (M-mode)

Pulsed-wave tissue Doppler imaging
(S0)

Peak systolic velocity of the tricuspid
annulus by pulsed-wave TDI

ME RV inßow-outßow
ModiÞed deep TG 5-chamber
TG RV inßow-outßow
Ensure best alignment of the Doppler
beam with the motion of the lateral
tricuspid annulus. May require angle
correction
Abnormal RV S’ <9.5 cm/sec

� Angle dependency
� Neglects wall motion abnormalities
� Neglects the contribution of the RVOT

Global longitudinal strain Speckle tracking
ME 4-chamber
Peak value of longitudinal strain
measured using specialized software,
averaged over the three segments of the
RV free wall
Abnormal RV GLS < 20% (in magnitude)

� Vendor dependent
� Absence of RV-speci�c software

Global function

Fractional area change (FAC) 2D measurement
ME 4-chamber RV focused
FAC (%) = (EDA- ESA)/EDA x 100
Abnormal FAC <35%

� Requires good delineation of the
endocardium

� Prominent trabeculations may
introduce errors

� Neglects contribution of RVOT

Ejection fraction (EF) 3D measurement
RVEF (%) = (EDV- ESV)/EDV x 100
Abnormal RVEF <45%

� Requires good quality data sets
� Requires specialized software and

operator expertise

(Continued )
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Table 1 (Continued )

Echocardiographic parameter Imaging modality Limitations

Tissue Doppler imaging MPI ME RV inßow-outßow
ModiÞed deep TG 5-chamber
TG RV inßow-outßow
MPI = (IVRT + IVCT)/ ET
Abnormal TDI MPI >0.54

� Unreliable when RA pressures are
elevated

� Regional measurement
� Requires good quality spectral tissue

Doppler for time interval
measurements

Pulsed-wave Doppler MPI ME RV inßow-outßow
TG RV basal
UE aortic arch SAX
MPI = (TCO- ET)/ET
Abnormal PW MPI >0.43

� Unreliable when RA pressures are
elevated

� Measurements are performed in
different cardiac cycles

Abbreviations: EDA, End-diastolic area; EDV, end-diastolic volume; ESA, end-systolic area; ESV, end-systolic volume; ET, ejection time; IVCT,
isovolumic contraction time; IVRT, isovolumic relaxation time; RA, right atrium; RV, right ventricle; RVOT, right ventricular out�ow tract; TCO,
tricuspid valve closure to opening time.
Adapted for transesophageal echocardiographic assessment from Lang RM, Badano LP, Mor-Avi V, A�lalo J, Armstrong A, Ernande L, et al, J Am
Soc Echocardiogr 2015; 28:1-39
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anterior displacement of the papillary muscles, and a ratio betw
the lengths of the anterior and posterior leaßets# 1.3.14,15

LV dysfunction and dilation may lead to apical displacement of t
papillary muscles and the shift of the coaptation point below t
mitral annular plane, resulting in a tented appearance of the va
in systole. The degree of tenting can be used as a surrogate m
for the chronicity and signiÞcance of MR. The distance between
plane of the mitral annulus and the coaptation point at mid-syst
(tenting height) is measured in the ME 5Ch or ME LAX view. Th
tethering angles of the anterior or posterior leaßet may be measu
in mid-systole as the angle between the mitral annular plane and
coaptation point along the leaßet. Tenting indices, such as MV ten
height, area, and volume, can be measured with post-processing
tiplanar reconstruction or parametric analysis of 3D data sets.

Qualitative assessment of MR severity is based upon the CFD c
acteristics of the MR jet; however, this may be inßuenced by techn
factors, loading conditions, and jet eccentricity. It is important
describe the number, origin, and direction of MR jets. The direct
of the MR jet is typically away from an area with excessive mot
(e.g., in primary/structural/organic MR) or toward an area w
restricted motion (e.g., in secondary MR). An eccentric, ÔÔwa
gingÕÕ MR jet is suggestive of moderate or severe MR.

The vena contracta width measurement may underestimate
severity of MR, if the MR jet has a non-circular, elliptical cro
sectional area.16 The same limitation exists for calculating the effect
MR oriÞce area using the proximal isovelocity surface area (P
method; the actual surface is rarely a hemisphere but rather a he
ellipse. If multiple jets are present, neither the vena contracta wid
nor the effective oriÞce areas by the PISA method should be summ
Measurements of the vena contracta width and area can be perform
by multiplanar reconstruction using a 3D data set, although these m
surements are impacted by the low temporal and spatial resolutio
the 3D data set. However, recent enhancements in 3D technolo
have improved the temporal resolution of the 3D data sets.
r

l-

-
l

g-

)
-

.

-

LV size and function are evaluated in the same ME and TG vie
used for anatomic evaluation of the MV. Larger LV and LA sizes
suggestive of chronic MR. Evaluation of LV size and function (glo
and regional) by TEE may be hindered by the presence of m
annular calciÞcation, which obscures the respective LV segmen
the far Þeld due to acoustic shadowing. The morphology of the ba
IVS should be evaluated for the presence of focal hypertrophy. C
can be used to localize any intraventricular, mid-cavitary, or left v
tricular outßow tract (LVOT) ßow acceleration.

The proximity of the TEE probe to the LA and pulmonary vein
(PV) makes evaluation of the PV ßow with pulsed-wave (P
Doppler an attractive complementary, qualitative technique to e
mate MR severity. Systolic reversal in more than one PV is a spe
yet insensitive, indicator of severe MR.2

The severity of MR varies with the changing intraoperative hem
dynamic conditions. While structural MV pathology is not sign
cantly affected by general anesthesia, the severity of functional
may improve under general anesthesia compared with the preop
tive Þndings.17 In general, changes in preload, afterload and contr
tility are usually responsible for inaccurate measurements (typic
underestimation) of functional MR under general anesthesia. In c
of functional MR, more so when MR is an incidental Þnding, intra
nous ßuids and inotropic and afterload challenges should be atte
ted to avoid erroneous estimation of MR severity.17

3.1.3. Assessment of Associated Lesions. Functional tricuspid
regurgitation (TR) is frequently present in patients with MV diseas
comprehensive evaluation of the TV, including the tricuspid annu
should be performed at the time of surgery (section3.3).

There is also increased recognition that right ventricular (R
dysfunction is common in patients undergoing MV surgery. Wh
RV function may improve postoperatively in most patients, it m
remain reduced or deteriorate in others.18 The position of the inter-
ventricular septum (IVS) and RV size and function, typically in
ME 4Ch and TG SAX views, provide information on RV dysfunctio



Table 2 Key points for the pre-surgical assessment in mitral valve surgery

Imaging goals Imaging views Imaging modalities Limitations

Evaluate MV anatomy ME: 4Ch, MC, 2Ch, LAX
TG: basal SAX, 2Ch,
LAX

� 2D, bi/multiplane
� CFD
� 3D +/- CFD

� 2D: off-axis
orientation and
measurements

� 3D: low temporal
resolution, stitch
artifacts in gated
acquisition

Evaluate MS severity
Mean pressure
gradient; MVA by PHT,
PISA; MVA by
continuity equation;
MVA by planimetry (2D,
3D)

ME: 4Ch, MC, 2Ch, LAX
TG: basal SAX, 2Ch,
deep 5Ch

� 2D, bi/multiplane
imaging

� 3D, multiplanar
reconstruction

� CFD: PISA
� Spectral Doppler:

mean pressure
gradient, PHT,
LVOT SV

� 2D: off-axis
measurements,
acoustic shadowing

� Doppler beam
misalignment; HR/
rhythm dependent;

� Coexistent valvular
lesions

Evaluate MR severity
(acute vs chronic MR)

Jet origin, direction;
Vena contracta width;
EROA by PISA; TMF
and PVF; Regurgitant
volume/fraction

ME: 4Ch, MC, 2Ch, LAX � M-mode with CFD:
timing of MR during
systole

� CFD: MR jet
characteristics and
quanti�cation (EROA
by PISA, vena
contracta width/jet
area)

� 3D with CFD: vena
contracta width and
area

� Spectral Doppler: MR
jet envelope (Vmax,
VTI); TMF and PVF
pro�les

� Eccentric or wall-
hugging MR jet
(Coanda effect)

� 3D with CFD: low
temporal and spatial
resolution

� PVF: preload
dependent

� TMF: in�uenced by
LV diastolic function
and AR; preload
dependent

� Doppler beam
misalignment

Evaluate ÔÔfailure-
proneÕÕ anatomy

Primary MR: SAM
Secondary MR:
tethering and tenting

ME: 4Ch, MC, 2Ch, LAX
AL and PL length,
C-sept distance,
AL:PL height ratio,
Mitral-aortic angle,
Basal IVS thickness
Tenting height/area

� 2D, bi/multiplane
imaging

� 3D multiplanar
reconstruction

� Doppler interrogation

� 2D: off-axis
measurements

Evaluate LV systolic
function

Global/regional
Evaluate LV size
LV dimensions and
volume

ME: 4Ch, MC, 2Ch, LAX
TG: basal and mid SAX,
2Ch, deep 5Ch, LAX

� 2D: method of disks
� 3D: volumetric
� Spectral Doppler:

LVOT SV
� M-mode: internal linear

dimensions

� 2D: LV foreshortening
� 3D: low spatial and

temporal resolution
� Erroneous LVOT

diameter
measurement

� Off-axis
measurements

Evaluate LA and LAA
LA size; Stasis,
thrombus, LAA
velocities

ME: 4Ch, MC, 2Ch � 2D, bi/multiplane
imaging

� CFD
� Spectral Doppler: PVF

pro�le
� 3D

� Close proximity of LA
with TEE probe

� Presence of artifacts
in LAA

Evaluate RA size
Evaluate RV size/
function

ME: 4Ch, RV in/out�ow,
bicaval

� 2D
� CFD
� Spectral Doppler
� M-mode

� Misalignment for
TAPSE evaluation

� Complex RV
geometry

(Continued )
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Figure 3 (A) ME aortic valve LAX view showing an in�ated endoballoon positioned above the sinotubular junction and occluding the
ascending aorta. (B) ME bicaval view showing a coronary sinus catheter for retrograde cardioplegia administration ( white arrow)
entering the right atrium (RA) through the superior vena cava (SVC) and engaging the coronary sinus (CS). Abbreviations:AV, Aortic
valve; LA, left atrium; LV, left atrium.

Table 2 (Continued )

Imaging goals Imaging views Imaging modalities Limitations

Evaluate TR ME: 4Ch, RV in�ow/
out�ow, bicaval

� 2D
� CFD

� Doppler
misalignment

� Alteration in
hemodynamic
conditions

Measure TA ME 4Ch � 2D
� 3D multiplanar

reconstruction

� 2D: off-axis
measurements

� 3D: low spatial
resolution

Abbreviations: 2Ch, Two-chamber; 4Ch, four-chamber; 5Ch, �ve-chamber; 2D, two-dimensional; 3D, three-dimensional; AL, anterior lea�et; AR,
aortic regurgitation; CFD, color �ow Doppler; C-sept, distance from septum to mitral valve coaptation point; EROA, effective regurgitant ori�ce
area; IVS, interventricular septum; LAA, left atrial appendage; LAX, long axis; LV, left ventricle; LVOT, left ventricular out�ow tract; ME, mid-
esophageal; MC, mitral commissural; MR, mitral regurgitation; MS, mitral stenosis; MV, mitral valve; MVA, mitral valve area, PISA, proximal iso-
velocity surface area; PHT, pressure half-time; PVF, pulmonary vein �ow; PL, posterior lea�et; RA, right atrium; RV, right ventricle; SAM, systolic
anterior motion; SAX, short axis; SV, stroke volume; TAPSE, tricuspid annulus systolic excursion; TA, tricuspid annulus; TG, transgastric; TMF,
transmitral �ow; TR, tricuspid regurgitation; Vmax, peak velocity; VTI, velocity-time integral.
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and/or volume or pressure overload in the setting of left-heart dise
A summary of methods and parameters used for assessment o
function by TEE is presented inTable 1

The LA and its appendage should be interrogated for low ßow (s
sis/spontaneous contrast) and presence of thrombus. In MS, the p
ence of an LA or LAA thrombus may alter the surgical plan, result
in ligation or surgical closure of the appendage. The intraopera
assessment of the LAA should be performed by 2D (multiplane an
0� to 180� ), Doppler, and 3D echocardiography as described by
isting guidelines.8

Key points regarding preprocedure assessment for MV surgery
presented inTable 2.

3.1.4. TEE in Minimally Invasive and Robotic Mitral Valve
Surgery. Both port-access minimally invasive and robotic MV s
gery use a catheter-based system that enables closed-chest CP
allows the heart to be arrested and protected with cardioplegic s
.

-

e

nd

tion in a fashion similar to conventional open-chest surgery. With p
cedures that do not involve cannulation through the chest,
catheters used for CPB and cardioplegia delivery are placed perc
neously; intraoperative TEE guides placement of the catheters
monitors their function during CPB.19

A venous outßow cannulaused for venous drainage is inserted via t
femoral vein and inferior vena cava (IVC) into the right atrium (RA
at the junction of the superior vena cava (SVC) with the RA. The M
bicaval view is used to visualize the guidewire entering the RA fr
the IVC and engaging the SVC. Similarly, the venous cannula sho
be visualized as it enters the RA and engages the SVC.

A femoral arterial cannulaproviding arterial inßow from the CPB is
balloon-tipped catheter that is used for endovascular occlusion of
ascending aorta, delivery of cardioplegia into the aortic root, ven
of the aortic root, and aortic root pressure measurement. Visualiza
of the guidewire entering the descending aorta from the femoral
tery and extending into the ascending aorta ensures positionin
the tip of the balloon-tipped catheter in the ascending aorta (abo
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Table 3 Key points for the post-surgical assessment for mitral valve surgery

Imaging goals Imaging views Imaging modalities Limitations

Evaluate residual or
new MR

ME: 4Ch, MC, 2Ch, LAX � 2D, bi/multiplane imaging
� CFD
� 3D +/- CFD

� Dependent on preload,
afterload, contractility,
and heart rate after
separation from CPB

Evaluate MV leaßet
motion

Exclude iatrogenic MS
Mean pressure gradient;
MVA planimetry (3D);
MVA continuity equation

ME: 4Ch, MC, 2Ch, LAX
TG: deep 5Ch, LAX

� 2D, bi/multiplane imaging
� 3D, multiplanar

reconstruction
� Spectral Doppler (PW:

LVOT SV, CW: transmitral
�ow)

� Funnel-shaped MVA
� Acoustic shadowing
� Co-existent valvular

lesions

Evaluate SAM
Anterior lea�et motion;
Presence of eccentric
MR directed posteriorly;
Presence of �ow
acceleration in the LVOT;
Elevated LVOT velocities
with late systolic peaking
‘‘dagger-shaped’’
Doppler envelope

ME: 4Ch, MC, 2Ch, LAX
TG: deep 5Ch, LAX

� 2D
� M-mode: MV lea�ets, AV

mid-systolic closure
� CFD: �ow acceleration

location
� Spectral Doppler

� Dependent on preload,
afterload, contractility,
and heart rate after
separation from CPB

� SAM with central or
anterior MR indicative
of new MV pathology

Evaluate LV systolic
function

Regional wall motion (rule
out possible left
circum�ex artery injury)
Global function

ME: 4Ch, 2Ch, LAX
TG: basal and mid SAX,
2Ch

� 2D: wall motion
abnormalities

� 3D: EF, SV
� Spectral Doppler: LV SV

� Myocardial stunning
� Entrainment of air

Evaluate new/
worsened AR

Evaluate TR

ME: 4Ch, AV SAX/LAX,
RV in�ow/out�ow,
modi�ed bicaval

� 2D, bi/multiplane imaging
� CFD
� 3D

� Dependent on preload
and afterload

� Artifacts

Abbreviations: 2Ch, Two-chamber; 4Ch, four-chamber; 2D, two-dimensional; 3D, three-dimensional; AR, aortic regurgitation; CFD, color �ow
Doppler; CPB, cardiopulmonary bypass; EF, ejection fraction; LAX, long axis; LV, left ventricle; LVOT, left ventricular out�ow tract; ME, mid-
esophageal; MC, mitral commissural; MR, mitral regurgitation; MS, mitral stenosis; MV, mitral valve; MVA, mitral valve area; SAM, systolic anterior
motion; SAX, short axis; SV, stroke volume; TG, transgastric; TR, tricuspid regurgitation.
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the sinuses of Valsalva). After initiation of CPB, ÔÔcross-clamp
the aorta is achieved internally by inßating the endoballoon with
line. Adequate placement of the balloon (2-4 cm above the sinu
of Valsalva)20 can be veriÞed in the ME AV LAX view. CFD can b
used to conÞrm the absence of ßow around the balloon, and the
fore complete occlusion of the aorta. During CPB, periodically,
position of the balloon should be monitored as the balloon m
migrate either proximally into the aortic root or distally into the aor
arch. CFD can also be applied in the ME AV LAX view during del
ery of antegrade cardioplegia into the aortic root (Figure 3A).

A coronary sinus (CS) catheter for retrograde cardioplegiais placed
through the right internal jugular vein into the RA and into the C
(Figure 3B). The three lumens of the CS catheter permit balloon inß
tion, cardioplegia delivery, and coronary sinus pressure measurem
The CS can be visualized in long axis either in the ME modiÞed
caval view or in the deep ME 4Ch view. While practice may va
generally the CS catheter can be seen engaging the CS ostiu
the ME modiÞed bicaval view and it can be advanced into the CS
ing the deep ME 4Ch view while turning the probe slightly to the le
in order to follow the CS along its path in the posterior AV groove. A
efforts should be made to visualize the inßated CS catheter balloo
the CS in order to ensure adequate positioning of the tip. While
CPB, delivery of cardioplegia in the CS and absence of ßow aro
the CS catheter balloon can be conÞrmed in the deep ME 4
view. A combination of TEE guidance and ßuoroscopy has b
ÕÕ of

t.

n

used for the placement and advancement of the CS catheter,20 how-
ever successful and safe placement and management of the CS
eter solely using TEE has been reported21 and avoids potentia
contamination of the surgical Þeld by the ßuoroscopy equipmen
well as radiation exposure. As retrograde cardioplegia delivery
not be efÞcient in the presence of a PLSVC, this anomaly sho
be excluded prior to placement of a percutaneous CS catheter
most cases, a PLSVC empties into the RA through a dilated
The PLSVC can be seen as an echo-lucent space between the
and the left upper pulmonary vein, in lieu of the ligament
Marshall. Also, a dilated CS, with early Þlling of agitated saline a
injection into the left upper extremity venous circulation, is consist
with PLSVC.

3.1.5. Postprocedure Assessment. Mitral Valve Repair.–Prior
to evaluation of MV repair it is imperative to understand the typ
of repair performed by the surgeon, as the surgical technique wil
ßuence the echocardiographic Þndings. A quick assessment of th
equacy of MV repair can be performed as soon as the aortic cr
clamp is released, the heart is contracting, and the LV is at l
partially volume loaded. Communication with the surgeon prior
Þnal separation from CPB to review potentially problematic ar
of repair is important so that further interventions may be attempt
prior to weaning off of CPB. However, comprehensive evaluation
the adequacy of repair should be performed after comple
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Figure 4 Echocardiographic measurements of the aortic root
performed in the preprocedure assessment for aortic valve
repair. Abbreviations: cH, Coaptation height; eH, effective
height; gH, geometric height of the aortic valve cusps, STJ, sino-
tubular junction. Redrawn from Berrebi A, Monin JL, and Lansac
E, Systematic echocardiographic assessment of aortic
regurgitation-what should the surgeon know for aortic valve
repair? Ann Cardiothorac Surg 2019; 8:331-341.
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separation from CPB and under adequate loading conditio
Assessment of MV repair includes characterization of: (1) resid
MR, (2) iatrogenic MS, (3) SAM, (4) LV function, and (5) iatrogen
aortic regurgitation (AR).

A successfully repaired MV should have no more than mild M
immediately after separation from CPB. Volume and afterload ch
lenges should be undertaken to simulate baseline physiologic co
tions and avoid underestimation of residual MV pathology. T
echocardiographic principles for evaluation of residual MR are sim
to those for native valves.2 The presence of greater than mild M
should prompt further investigation to determine the mechanism
post-repair MR and help guide re-repair or replacement.

Flow acceleration seen by CFD on the atrial side of the repai
MV should raise the suspicion of iatrogenic MS. Evaluation for ia
genic MS after MV repair should include measurement of press
gradients and direct measurement or calculation of the MV ar
The criteria for MS include a mean gradient more than 6 mm H
and a MV area less than 1.8 cm2.22 Caution must be exercised i
the presence of a number of factors, which can inßuence transm
ßow and therefore transmitral gradient, such as atrial Þbrillat
tachycardia, high or low cardiac output. Of note, Doppler interrog
tion of a MV repair with an edge-to-edge suture (AlÞeri stitch) res
ing in a double-oriÞce valve can be performed through either oriÞ
as the difference in mean pressure gradient between the two oriÞc
not clinically relevant.23 Controversy exists as to whether pressu
half-time (PHT) is accurate for the calculation of the repaired M
area.22 MV area measurement by multiplanar reconstruction of
3D data set may account for the geometric anatomical distort
post repair and correlates well with other measures of MS severit24

As all these measurements must be interpreted contextually wit
l

i-

l
,

,

the given clinical circumstances, it is important to perform the
when the patient is hemodynamically optimized and to repo
them along with hemodynamic data.

SAM of the MV is a known complication following MVrepair, with
a reported incidence of 1-16%.25 SAM associated with obstruction o
the LVOT and posteriorly oriented MR in the presence of optimize
preload, afterload, and heart rate may warrant re-repair. The deci
to re-repair depends on patient factors, echocardiographic as
ment, and surgical technique.

The presence of prosthetic material (annuloplasty ring, neocho
leaßet augmentation) may not allow a complete examination of t
repaired MV leaßets or other subvalvular structures at the ME le
therefore TG views may be necessary.

The evaluation should be completed with a comprehensive exa
ination of LV function. LV volume should be optimized, and region
wall motion abnormalities should be ruled out, as the circumßex c
onary artery can be compromised during suturing of an annulopla
ring or prosthetic valve.

Mitral Valve Replacement.–Assessment of prosthetic valves in t
mitral position by 2D, 3D, and Doppler echocardiography has be
comprehensively described in published guidelines.26 The intraoper-
ative environment provides unique challenges for the assessme
prosthetic valves due to possible acute and frequent changes in he
dynamic status. A prosthetic valve in the mitral position should be
spected for (1) adequate functioning of the mechanical disks
bioprosthetic leaßets, and (2) the presence of intra- or paravalv
pathological regurgitation. Adequate motion of the prosthetic va
disks/leaßets can be examined after removal of the aortic cr
clamp. Excursion of the prosthetic valve disks/leaßets may be lim
by interposition of subvalvular tissue, or in the presence of low ß
across the valve in a partially Þlled LV. Comprehensive evalua
of the prosthetic valve should be performed after complete separa
from CPB, and in conditions of optimized preload, afterload, contr
tility, and heart rate. The entire sewing ring of the mitral prosthe
should be imaged at the ME level by sweeping the multiplane an
from 0� to 180� while keeping the prosthetic valve in the center
the image. Off-axis and non-standard views, in conjunction with w
drawing/advancing and right/left rotation of the TEE probe, a
sometimes required. CFD should be used to locate abnormal in
and para-prosthetic ßow. The normal ÔÔwashingÕÕ jets of me
prosthetic valves should be identiÞed and differentiated from pat
logical regurgitation. By providing en face views of the mitral va
3D echocardiography (with and without CFD) can evaluate the loc
tion and characteristics of the paravalvular regurgitation more p
cisely. Immobile leaßets in the presence of adequate load
conditions, and moderate or severe paravalvular leaks, should tri
surgical intervention, while the management of a mild paravalvu
leak is controversial because it often runs a benign course.27,28 The
decision for immediate correction requires a team approach, sho
be tailored to each patient and clinical situation, and weighed aga
the risk of prolonged surgery.

Key points regarding postprocedure assessment for MV surgery
presented inTable 3.
3.2. Aortic Valve

3.2.1. Preprocedure Assessment. Recent published guidelines8

have described the recommended imaging planes for visualizing
AV. Pre-CPB imaging should focus on assessment of v
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Table 4 Key points for the pre-surgical assessment for aortic valve surgery

Imaging goals Imaging views Imaging modalities Limitations

Evaluate AV anatomy
Cusps morphology and motion
Coaptation length/height;
Masses (endocarditis, pitfalls:
Lambl’s excrescences,
Arantius nodules,
�broelastomas)

ME: AV SAX, LAX
TG: deep 5Ch, LAX

� 2D, bi/multiplane imaging
� 3D: cusp coaptation height,

LVOT diameter/area
Aortic annulus diameter/area
AVA planimetry

� 2D: off-axis measurements
� 3D: spatial/temporal

resolution, acquisition
artifacts, post-processing
requirements

Identify coronary arteries
ostia

ME: AV SAX, LAX � 2D, bi/multiplane imaging
� CFD
� Spectral Doppler (diastolic

predominance)
� 3D

� 2D: acoustic shadowing
� 3D: spatial/temporal

resolution, post-processing
required

Evaluate AV function
Aortic stenosis: AV peak
velocity and mean pressure
gradient; AVA (planimetry and
continuity equation)
Aortic regurgitation: AR jet(s)
origin and direction, vena
contracta, PHT; Descending
aorta: diastolic �ow reversal

ME: AV SAX, LAX
TG: deep 5Ch, 2Ch, LAX
Descending aorta: SAX, LAX

� 2D (planimetry AVA)
� M-mode: AV cusp excursion
� CFD: �ow acceleration: sub-,

intra- and supra-valvular
�xed vs dynamic

� CFD: AR vena contracta
� Spectral Doppler: velocity

pro�les, AVA by continuity,
holodiastolic �ow reversal

� 3D (AVA planimetry)
� 3D with/out CFD: AR jets

and direction

� Loading conditions
� LV function
� LV compliance
� Aortic compliance
� Co-existent valvular lesions
� Erroneous LVOT diameter

measurements
� Misalignment of Doppler

beam
� Presence of artifacts

Associated lesions
MV: presence of MR
Asymmetric septal
hypertrophy, presence of SAM

ME: 4/5Ch, MC, 2Ch, LAX � 2D
� CFD
� M-mode: premature systolic

closure, MV anterior lea�et
�uttering, presence of
diastolic MR

� Loading conditions
� LV function

Evaluate LV function
Regional and global systolic
function

ME: 4Ch, 2Ch, LAX
TG: basal SAX, mid SAX, 2Ch,
deep 5Ch

� 2D: qualitative wall motion
� 2D: method of disks
� 3D: volumetric analysis
� Spectral Doppler: LVOT SV

� 2D: geometric assumptions
� 3D: spatial/temporal

resolution; postprocessing
requirements

Abbreviations: 2Ch, Two-chamber; 4Ch, four-chamber; 5Ch, �ve-chamber; 2D, two-dimensional; 3D, three-dimensional; AR, aortic regurgitation;
AV, aortic valve; AVA, aortic valve area; CFD, color �ow Doppler; LAX, long axis; LV, left ventricle; LVOT, left ventricular out�ow tract; ME, mid-
esophageal; MC, mitral commissural; MR, mitral regurgitation; MV, mitral valve; PHT, pressure half-time; SAM, systolic anterior motion; SAX, short
axis; SV, stroke volume; TG, transgastric.
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morphology, number and appearance of cusps, and length of e
cusp free edge. The normal AV cusps coapt in diastole above
annular plane in the mid portion of the sinuses of Valsalva, resul
in a coaptation height (Figure 4) of 1-2 mm in the ME AV LAX
view. Poor cusp coaptation related to cusp prolapse or central m
coaptation can be identiÞed in this view. Surrounding structu
should also be evaluated; for example, the presence of calcium
extend to the LVOT, aortic annulus, MV, and aortic walls and m
complicate AV replacement surgery. Measurements of the LV
and aortic annulus diameters should be made in early to m
systole in the ME AV LAX view. These measurements may repres
the minor diameter of these structures in patients with an ellipti
LVOT/aortic annulus.9 The aortic annulus should be measured inn
edge to inner edge from the hinge point of the right coronary cusp
the posterior ÔÔvirtual annulusÕÕ at the level of the commissure
the left and noncoronary cusps.9 Some investigators recommen
measuring the LVOT diameter at the level of the aortic annulus, rat
than immediately underneath the aortic annulus, as the latter m
-

t

een

surement may underestimate aortic valve area (AVA) by the conti
ity equation in patients with a sigmoid septum.29-31

Application of CFD can localize the presence of systolic ßow ac
eration and obstruction in the LVOT, AV, and proximal ascendi
aorta. In diastole, CFD can be used to detect AR and localize the
gurgitant oriÞce by performing small adjustments of the TEE pr
depth, rotation, and multiplane angle. Flow in the right and l
main coronary arteries may also be imaged by CFD.

Evaluation of transaortic ßow and peak velocities, measuremen
forward stroke volume, and calculation of AVA using the continu
equation with spectral Doppler interrogation should be perform
in the TG views, which enable alignment of transaortic ßow para
to the insonation beam. The assessment of AR jets may also be
formed from these views, using CFD to guide better alignment
the Doppler beam with the AR jet.

Acquisition of 3D data sets from either the ME AV SAX or AV LAX
views by using a narrow, zoomed volume provides superior spa
and temporal resolution of the AV and LVOT. Multiplana
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Table 5 Key points for the post-surgical assessment for aortic valve surgery

Imaging goals Imaging views Imaging modalities Limitations

Evaluation of AVR/repair
following aortic cross-
clamp release:

Residual/new AR (jet
characteristics); LV de-
airing

ME: AV SAX, LAX � 2D
� CFD

� Loading conditions
� Far-�eld acoustic

shadowing

Evaluation of AVR
following weaning off
CPB

Intra/paravalvular AR;
Motion of prosthetic
lea�ets; Peak velocity/
mean gradient, DVI;
Effective ori�ce area
(continuity equation)

ME: AV SAX, LAX
TG: deep 5Ch, 2Ch, LAX

� 2D, bi/multiplane imaging
� CFD
� Spectral Doppler
� 3D

� Loading conditions
� Artifacts
� Doppler misalignment

Evaluation of AV repair
Presence/severity of AR;
Coaptation height
Transvalvular mean
pressure gradient

ME: AV SAX, LAX
TG: deep 5Ch, LAX

� 2D: AVA planimetry
� CFD
� 3D: AVA planimetry
� Spectral Doppler

� Loading conditions
� Artifacts
� 3D post-processing

requirement
� Doppler misalignment

Evaluation of LV function
Systolic function: global/
regional

ME: 4Ch, 2Ch, LAX
TG: basal SAX, mid SAX,
2Ch, deep 5Ch

� 2D: qualitative wall motion
� 2D: method of disks
� 3D: volumetric analysis

� 2D: geometric
assumptions

� 3D: spatial/temporal
resolution,
postprocessing
requirements

Rule out coronary
arteries ostia injury:

Identify coronary artery
ostial injury
New wall motion
abnormalities

ME: AV SAX, LAX � 2D, bi/multiplane imaging
� CFD
� 3D

� 3D: lower spatial
resolution, post-
processing required

Abbreviations: 2Ch, Two-chamber; 4Ch, four-chamber; 5Ch, �ve-chamber; 2D, two-dimensional; 3D, three-dimensional; AR, aortic regurgitation;
AV, aortic valve; AVA, aortic valve area; AVR, aortic valve replacement; CFD, color �ow Doppler; CPB, cardiopulmonary bypass; DVI, Doppler ve-
locity index; LAX, long axis; LV, left ventricle; LVOT, left ventricular out�ow tract; ME, mid-esophageal; SAM, systolic anterior motion; SAX, short
axis; SV, stroke volume; TAPSE, tricuspid annular plane systolic excursion; TG, transgastric.
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reconstruction of a 3D data set enables measurement of diame
area and perimeter of the AV annulus and LVOT area, as well
inter-commissural distance, free-margin cusp length, and cusp co
tion.2 These measurements can be used to determine prosthetic v
size32 and graft size in valve-sparing root surgery.33

3.2.2. Evaluation of SpeciÞc AV Pathologies. Aortic Steno-
sis.–Doppler assessment of severity should complement exam
tion of valve morphology by 2D or 3D TEE. Flow-dependent an
ßow-independent Doppler measurements are used to evaluate
severity of aortic stenosis (AS).3 Velocity and pressure gradien
are dependent on ßow and anatomic valve area; therefore, it is p
mount to calculate LV stroke volume when interpreting Dopple
measurements. Additionally, adequate cardiac output in an indiv
ual is dependent on body size, and indexing the AVA to body s
face area (BSA) can help determine lesion severity; indexing
valve area is particularly important in smaller patients with hei
<135 cm, BSA <1.5 m2, or body mass index <22 kg/m2.3 The
ACC guidelines use an indexed AVA of <0.6 cm2/m2 to deÞne se
vere AS.34 For similar reasons, the presence of signiÞcant AR,
,

a-

-

,

or a hyperdynamic LV should be considered when interpreti
Doppler measurements. Low gradients may occur in the prese
of a severely reduced AVA if the ßow across the valve is redu
(e.g., signiÞcant MR or reduced LV function). In these instances,
tively ßow-independent measurements, such as AVA and velocity
tio, are recommended to establish AS severity.3 Of note, due to
changes in cardiac loading conditions under general anesthesi
traoperative measurements of transvalvular velocities and grad
are often lower when compared with preoperative measureme
by TTE, whereas measurements of velocity ratio seem to be m
concordant with TTE counterparts.35

Aortic Regurgitation.–Current ASE guidelines2 advocate integration
of a multi-window, multiple-parameter (qualitative, semi-quantitati
quantitative) approach to evaluate AR.

Quantitative assessment of regurgitant volumes, regurgitant
tion, and effective regurgitant oriÞce area (EROA) are challen
to perform in the operating room, given that these time-consum
measurements may be impractical in a setting with limited time
perform a comprehensive exam.
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Table 6 Key points for the pre- and postprocedure assessment for tricuspid valve surgery

Imaging goals Imaging views Imaging modalities Limitations

PREPROCEDURE

Evaluate TV anatomy:
Lea�et appearance; Lea�et
tethering; Tricuspid annulus

ME: 4/5Ch, RV in�ow/
out�ow, modi�ed bicaval

TG: RV basal, RV in�ow

� 2D, bi/multiplane imaging
� 3D

� Far-�eld position of the
valve

� Variability in anatomy

Evaluate TR:
Number/direction of jets;
Vena contracta width/area;
RVSP

ME: 4/5Ch, RV in�ow/
out�ow, modi�ed bicaval

TG: RV in�ow/out�ow

� 2D, bi/multiplane imaging
� CFD: TR jet orientation
� CW Doppler: TR jet
� PW Doppler:

transtricuspid E velocity

� Need for multiple views
� Variable geometry of the

regurgitant ori�ce
� Doppler misalignment

Measure TA ME 4Ch � 2D
� 3D

� Variable geometry of the
TA

� Nonstandardized views for
measurements

Evaluate TS:
Mean pressure gradient

ME: 4/5Ch, RV in�ow/
out�ow, modi�ed bicaval

� 2D
� CFD
� Spectral Doppler

� Co-existent valvular
lesions

Neighboring structures:
Coronary sinus, RA
appendage, venae cavae,
hepatic veins, IAS

ME: 4 Ch, bicaval (IVC, SVC),
Ascending aorta SAX
(SVC)

� 2D, bi/multiplane imaging
� CFD
� Spectral Doppler: HVF

pro�le

Evaluate RV/RA size and
function

Systolic and diastolic motion
of IAS and IVS

ME: 4/5 Ch, RV in�ow/
out�ow

TG: mid SAX, RV in�ow/
out�ow

� 2D, bi/multiplane imaging
� CFD
� Spectral Doppler

� Need for multiple views
� Complex RV geometry

POSTPROCEDURE

Morphology/anatomy

Residual TR

Exclude iatrogenic TS

ME: 4/5Ch, RV in�ow/
out�ow, modi�ed bicaval

TG: RV in�ow/out�ow, RV
in�ow

� 2D, bi/multiplane imaging
� 3D
� CFD
� Spectral Doppler

� Acoustic shadowing from
prosthetic material

� Affected by loading
conditions and inotropy

� Doppler misalignment

Abbreviations: 2Ch, Two-chamber; 4Ch, four-chamber; 5Ch, �ve-chamber; 2D, two-dimensional; 3D, three-dimensional; CFD, color �ow Doppler;
CW, continuous-wave; E, early diastolic �lling; IAS, interatrial septum; IVC, inferior vena cava; IVS, interventricular septum; LAX, long axis; ME, mid-
esophageal; PW, pulsed-wave; RA, right atrium; RV, right ventricle; SAX, short axis; SVC, superior vena cava; TA, tricuspid annulus; TAPSE,
tricuspid annular plane systolic excursion; TG, transgastric; TR, tricuspid regurgitation; TS, tricuspid stenosis; TV, tricuspid valve.
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More recently, AV repair has proven to be both feasible and du
ble in selected patients with AR, therefore avoiding the risks ass
ated with prosthetic valves.36-38 First and foremost, evaluating an
understanding the mechanism of AR39 enables adequate choice o
repair techniques for each valve lesion40 and has been proven effec
tive in predicting the primary repair technique.39

Intra-operative 2D and 3D TEE can (1) deÞne the mechanism
AR, (2) provide information to guide the repair, (3) interrogate t
result, and (4) determine the predictors of durability.41-43 In
addition to the standard 2D and CFD assessment of the AV
described above, the pre-AV repair TEE focuses on aortic root m
surements, aortic cusp motion, level of cusp coaptation, coapta
height, and analysis of the AR jet direction (Figure 4).41

Simultaneous multiplane imaging allows scanning of the cusp e
and more precise localization of lesions, particularly useful in diffe
tiating between non-coronary and left coronary pathology.

3.2.3. Assessment of Associated Lesions. Mitral Valve Dis-
ease.–Patients with AS may have concomitant MV and TV disea
The assessment of MR severity uses similar methods as outlin
i-

-

-

in

section3.1.2. Typically, MR severity is trivial or mild, but may be mo
erate or severe in up to 20% of patients.44 While functional MR signif-
icantly improves after aortic valve replacement in up to 60%
patients, MR persists and may be associated with higher morb
in some patients.44,45 CalciÞc degeneration of the mitral valve, atr
Þbrillation, large left atrial size (>5 cm), pulmonary hypertension,
mitral valve tenting area >1.4 cm2 have been identiÞed as indepe
dent risk factors for persistent MR.46-48 The morbidity of double
valve replacement is substantially higher than that for isolated ao
valve replacement (AVR). Conversely, reoperation for MV dise
after AVR is technically more challenging as surgical access
exposure of the MV is more difÞcult. Patient and surgical fac
should be taken into consideration before deciding to operate o
second valve.

Septal Myectomy.–In a patient presenting with AS, concentric le
ventricular hypertrophy (LVH) is a compensatory mechanism rela
to ßow restriction and systolic pressure overload that minimizes
systolic wall stress. With aging, the ascending aorta dilates, the
altering its relationship with the LV, becoming more sharply angl
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Table 7 Key points for the pre- and postprocedure assessment for pulmonic valve surgery

Imaging goals Imaging views Imaging modalities Limitations

PREPROCEDURE

PV anatomy
PV lea�et morphology
and motion; PV annulus
dimensions; Sub- or
supravalvular stenosis

ME: RV in�ow/out�ow,
ascending aorta
SAX/LAX

UE: aortic arch SAX
TG: RV basal, RV
in�ow/out�ow

� 2D, bi/multiplane imaging
� CFD
� 3D

� Poor echogenicity
(anterior location,
thin lea�ets)

� Acoustic shadowing
from aortic root

� Dif�cult to exclude
perforations,
fenestrations

PV function
Evaluate PR: PHT, PA
�ow reversal; Jet width:
pulmonary annulus
ratio
Evaluate PS: Peak
velocity
Peak pressure gradient

UE: aortic arch SAX
ME: RV in�ow/out�ow
TG: RV basal, RV
in�ow/out�ow

� CFD
� Spectral Doppler

� Affected by loading
conditions

� Doppler
misalignment

Noninvasive
hemodynamics

SPAP
Mean PAP
Mid-systolic notching
of RVOT Doppler
envelope;
PVR (TRjet/VTIRVOT x
10)
PA acceleration time
RVOT stroke volume

UE: aortic arch SAX
ME: RV in�ow/out�ow
TG: RV basal, RV
in�ow/out�ow

� CFD
� Spectral Doppler

� Affected by loading
conditions

� Doppler
misalignment

POSTPROCEDURE

Morphology/anatomy
Residual PR
Sub-valvular stenosis
Exclude iatrogenic PS

UE: aortic arch SAX
ME: RV in�ow/out�ow,
ascending aorta SAX
TG: RV basal, RV
in�ow/out�ow

� 2D, biplane imaging
� CFD
� 3D
� Spectral Doppler

� Poor echogenicity
� Artifacts
� Affected by loading

conditions
� Doppler

misalignment

Abbreviations: 2Ch, Two-chamber; 4Ch, four-chamber; 5Ch, �ve-chamber; 2D, two-dimensional; 3D, three-dimensional; CFD, color �ow Doppler;
DPAP, diastolic pulmonary artery pressure; LAX, long-axis; ME, mid-esophageal; PA, pulmonary artery, PHT, pressure half-time; PR, pulmonic
valve regurgitation, PS, pulmonic valve stenosis, PV, pulmonic valve; PVR, pulmonary vascular resistance; RA, right atrium; RV, right ventricle;
RVOT, right ventricle out�ow tract; SAX, short-axis; SPAP, systolic pulmonary artery pressure; SV, stroke volume; TG, transgastric; TR, tricuspid
regurgitation; UE, upper esophageal; VTI, velocity-time integral.
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A discrete bulge (<3 cm length) of the basal interventricular sept
into the LVOT results in a sigmoid-shaped septum, which may re
in dynamic subaortic obstruction after AVR. A small (LVend-diasto
diameter <42 mm), hyperdynamic, and asymmetrically hypertrop
ed LV (IVS/posterior wall >1.45) have been identiÞed as independ
predictors of abnormal subvalvular ßow after AVR.49 Septal myec-
tomy concomitant with the AVR could be considered in these p
tients.

Key points of preprocedure assessment for AV surgery are
sented inTable 4.

3.2.4. Postprocedure Assessment. It is possible to detect new o
residual AR following root pressurization after aortic cross-cla
-

removal. Acoustic shadowing may limit assessment in ME vie
and TG imaging may be challenging in a partially Þlled
Following separation from CPB and after optimization of hemod
namic conditions, TEE assessment of AV intervention (repair
replacement) should focus on detecting and determining AR seve
and examining the morphology and function of the repaired or pro
thetic AV.

Aortic Valve Repair.–Systematic evaluation of the AV after repair
mandatory. The following steps in assessment of AVrepair are rec
mended:

(1) A successfully repaired AV has no or minimal residual AR by interroga
with CFD. The presence of greater than mild AR, especially if eccen
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Table 8 Key points for the pre- and postprocedure assessment in coronary artery bypass graft surgery

Imaging goals Imaging views Imaging modalities Limitations

LV anatomy:
Shape and size (regional and global),
wall thickness

ME: 4/5Ch, 2Ch, LAX
TG: basal SAX, mid SAX,
2Ch

� 2D, bi/multiplane imaging
� M-mode
� 3D

� LV foreshortening
� M-mode: evaluation only of anterior

and inferior segments
� 3D: low spatial/temporal resolution,

post-processing requirements

Global LV function
ED and ES areas
ED and ES volumes
SV
EF

ME: 4/5Ch, 2Ch, LAX
TG: basal SAX, mid SAX,
2Ch

� 2D: method of disks, FAC
� M-mode: MAPSE, FS
� Spectral Doppler: SV, MPI
� Tissue Doppler: S0, MPI
� 3D
� Speckle tracking

� Geometric assumptions
� Affected by loading conditions
� Doppler misalignment
� 3D: low spatial/temporal resolution

Regional LV function
Wall motion and thickening

ME: 4/5Ch, 2Ch, LAX
TG: basal SAX, mid SAX,
2Ch

� 2D bi/multiplane imaging
� M-mode
� Tissue Doppler
� Speckle tracking

� 2D: observer dependent
� Doppler misalignment
� Speckle tracking: time consuming

(noisy signal, post-processing)
� Affected by loading conditions

Diastolic function ME: 4/5Ch, 2Ch, LAX � Spectral Doppler: transmitral �ow,
pulmonary vein �ow

� Tissue Doppler: mitral annulus
velocities, E/e’

� Doppler misalignment
� Affected by loading conditions
� Affected by co-existent valvular

disease
� Affected by heart rate and rhythm

Aortic atheromatous disease
Postprocedure: evaluate for iatrogenic
dissection

ME: ascending aorta SAX/
LAX

UE: aortic arch SAX/LAX
Descending aorta views
Epiaortic scanning

� 2D
� 3D

� ‘‘Blind spot’’ distal ascending aorta
and aortic arch

� Near-�eld artifacts

Abbreviations: 2Ch, Two-chamber; 4Ch, four-chamber; 5Ch, �ve-chamber; 2D, two-dimensional; 3D, three-dimensional; CFD, color �ow Doppler;
E, transmitral �ow peak early �lling velocity, e’ tissue Doppler mitral annulus peak early diastolic myocardial velocity; ED, end-diastolic; EF, ejection
fraction; ES, end-systolic; FAC, fractional area change; FS, fractional shortening; LAX, long axis; LV, left ventricle; ME, mid-esophageal; MPI,
myocardial performance index; SAX, short axis; SV, stroke volume; TG, transgastric; UE, upper esophageal.
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should prompt further investigation to determine the mechanism of po
repair AR and help guide re-repair or possible valve replacement.
valve interrogation should take into account the type of repair. F
example, excessive reduction in annular dimensions in a patient wi
dilated aortic annulus and type I AR may result in excess leaßet ti
and subsequent type II AR due to cusp prolapse.

(2) The level of cusp coaptation should be at or above the aortic annulus in
ME AV LAX view. An effective height (distance from the aortic annulus
the leaßet tips;Figure 4) greater than 9 mm is associated with a high pro
ability of normal or near normal AV function. Conversely, in patients w
cusp coaptation below the annular level, the risk of subsequent signiÞ
AR can be as high as 71%.41,50

(3) The cusp coaptation height (Figure 4) should be >4 mm as measured i
the ME AV LAX view. The likelihood of moderate or severe AR at lon
term follow-up is minimal when coaptation height is$ 4 mm, even
when mild AR has been identiÞed in the early postoperative exam.51

(4) A large aortic annulus post repair has also been associated with a hig
ure rate. It is recommended that the aortic annulus diameter post re
should be less than 25 mm.41,51

(5) The post-repair mean transvalvular pressure gradient should be less
10 mm Hg.41

Aortic Valve Replacement.–Assessment of prosthetic valves in t
aortic position follows the published ASE recommendations26 and
should include (1) identiÞcation of the sewing ring and evaluat
of proper functioning of the valve leaßets; (2) exclusion of the pr
t

il-

n

ence of pathological regurgitation (intra- or paravalvular); and
establishment of the hemodynamic proÞle of the newly implant
valve. Evaluation of prosthetic valves in the aortic position inclu
several views at the ME and TG levels. In the TG views, reverbera
and shadowing artifacts caused by the prosthetic material are loc
distal to the AV and LVOT, thereby enabling evaluation of AR
CFD. The entire circumference of the sewing ring can be visuali
in the short-axis orientation at the ME level. However, in each par
ular view, subtle probe manipulation is required to ensure precise
aging at the level of the sewing ring; biplane or multiplane imaging
be useful.

The measured gradients of an aortic valve prosthesis depend
ventricular contractility, loading conditions, and type, size, and lo
tion of the prosthesis.

Immediately following implantation, the prosthetic valve shou
be evaluated for pathological regurgitation. Intravalvular regurg
tion is a common Þnding in normally functioning bioprosthe
valves (10%) and is often seen as a small central or commiss
jet. Mechanical valves have speciÞc patterns of washing jets
minimize blood stasis in the hinge mechanism, prevent
thrombus formation. These washing jets are seen within the sew
ring, occur early during valve closure, and are of short duration
length. Simultaneous multiplane imaging permits easier identiÞ
tion and characterization of these jets. Regurgitant jet featu
that may suggest more than mild regurgitation include wide



Table 9 Key points for the preprocedure assessment in aortic surgery

Imaging goals Imaging views Imaging modalities Limitations

Ascending aorta : LVOT, AV,
sinotubular junction, ascending
aorta

Aortic arch (including great vessels)
Descending aorta

ME: ascending aorta LAX, SAX
UE: aortic arch SAX, LAX
Descending aorta: SAX, LAX

� 2D, bi/multiplane imaging
� CFD
� Spectral Doppler
� 3D

‘‘Blind spot’’ distal ascending aorta
and aortic arch

Off axis measurements

Atheromatous disease:
Location
Measurements
Mobile/ulcerated lesions

ME: ascending aorta LAX, SAX
UE: aortic arch SAX, LAX
Descending aorta: SAX, LAX

� 2D, bi/multiplane imaging
� 3D

� ‘‘Blind spot’’ distal ascending
aorta and proximal aortic arch

� Near-�eld artifacts
� Observer dependent
� Not accounting for ‘‘atheroma

burden’’

Aortic dissection:
Dissection �ap, entry tear,
extension, false vs true lumen
Coronary arteries involvement
Wall motion abnormalities
Aortic regurgitation
Pericardial effusion
Pleural effusion
Other acute aortic syndromes:
Penetrating ulcer
Intramural hematoma

ME: ascending aorta LAX, SAX
UE: aortic arch SAX, LAX
ME: AV SAX, LAX (AR, coronary
arteries involvement)

� 2D, bi/multiplane imaging
� CFD: entry tear, AR evaluation,

coronary arteries involvement
� M-mode: systolic expansion of

true lumen
� Spectral Doppler: systolic �ow in

true lumen

� ‘‘Blind spot’’ distal ascending
aorta and proximal aortic arch

� Artifacts (mirror image,
reverberations)

Aortic aneurysm:
Location
Aortic regurgitation

ME: ascending aorta LAX, SAX
UE: aortic arch SAX, LAX
ME: AV SAX, LAX

� 2D, bi/multiplane imaging
� CFD: AR

� Blind spot’’ distal ascending aorta
and proximal aortic arch

Abbreviations: 2D, Two-dimensional; 3D, three-dimensional; AR, aortic regurgitation; AV, aortic valve; CFD, color �ow Doppler; LAX, long axis;
LVOT, left ventricular out�ow tract; ME, mid-esophageal; SAX, short axis; SV, stroke volume; TG, transgastric; UE, upper esophageal.

Table 10 Key points for the postprocedure assessment in aortic surgery

Imaging goals Imaging views Imaging modalities Limitations

Evaluation of AV repair
Residual AR
Coaptation height
Transvalvular pressure gradient
Evaluation of AV replacement
Intra/paravalvular AR
Motion of lea�ets/disks
Pressure gradients

ME: AV SAX, AV LAX
TG: deep 5Ch, LAX

� 2D, bi/multiplane imaging
� CFD
� Spectral Doppler
� 3D

� Acoustic artifacts
� Loading conditions
� Doppler misalignment

Evaluation of coronary arteries
reimplantation

Reimplanted coronaries �ow
Wall motion abnormalities

ME: ascending aorta LAX, SAX,
4Ch, 2Ch, LAX

TG: basal SAX, mid SAX, 2Ch

� 2D, bi/multiplane imaging
� CFD

� Acoustic artifacts
� Loading conditions

Evaluation of endovascular
procedures

Correct placement of guidewires
Endoleaks
Iatrogenic aortic dissection

ME: ascending aorta LAX, SAX
UE: aortic arch SAX, LAX
ME: AV SAX, LAX
Descending aorta SAX LAX

� 2D, bi/multiplane imaging
� CFD
� M-mode: True vs false lumen
� Spectral Doppler: systolic �ow in

true lumen

� ‘‘Blind spot’’ distal ascending
aorta and proximal aortic arch

� Artifacts (mirror image,
reverberations)

� Acoustic shadowing from the
deployed stent

Abbreviations: 2D, Two-dimensional; 3D, three-dimensional; AR, aortic regurgitation; AV, aortic valve; CFD, color �ow Doppler; LAX, long axis; ME,
mid-esophageal; SAX, short axis; SV, stroke volume; TG, transgastric; UE, upper esophageal.
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Figure 5 Proposed imaging strategy starting from the ME 4-chamber view, prior to implantation of a left ventricular assist device
(LVAD). Abbreviations:2C, Two-chamber; 4C, four-chamber; ASD, atrial septal defect, AV, aortic valve; LA, left atrium; LAX, long-
axis; ME, mid-esophageal; PFO, patent foramen ovale; RV, right ventricle; SAX, short-axis; TEE, transesophageal echocardiography.

Figure 6 Unobstructed LVAD in�ow cannula shown in the ME 4-chamber view (A) and by 3D in en face perspective (B). (C) Doppler
interrogation of a HeartMate 3 (Abbott-Thoratec, Chicago, IL) LVAD in�ow cannula ( left side) and out�ow graft ( right side). (D) CFD
interrogation of an LVAD out�ow graft-to-ascending aorta anastomosis. Abbreviations: Ao, Ascending aorta; LA, left atrium; LV,
left ventricle; RA, right atrium; RV, right ventricle.
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