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KEY POINTS

� Intraoperative transesophageal echocardiography provides immediate diagnostic feedback and
assessment of results during valve repair procedures and has become an essential guiding tool
for decision-making among surgeons.

� Systematic echocardiographic evaluation of mitral valve repair based on a specific algorithm is
mandatory.

� Three-dimensional transesophageal echocardiography plays a pivotal role in both preprocedural
and postprocedural assessments in mitral valve repair.
INTRODUCTION

Mitral valve (MV) repair has become the gold stan-
dard surgical procedure for significant mitral
regurgitation (MR).1 The objectives of MV repair
are to preserve or restore full leaflet motion, to
create a good surface for leaflet coaptation, and
to remodel and stabilize the entire annulus.

Detailed preoperative echocardiographic assess-
mentof theMVapparatus is crucial for surgical plan-
ning.2 Three-dimensional (3D) transesophageal
echocardiography (TEE) plays a pivotal role in both
preprocedural and postprocedural assessments in
MV repair and has becomewidely adopted in echo-
cardiographic laboratories and operating rooms
worldwide.3–6 In the operating room, intraoperative
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TEE evaluation requires accurate analysis of the
MV anatomy and details of affected valve lesions.7

Furthermore, as surgeons must rapidly decide
whether cardiopulmonary bypass (CPB) should be
continued to be weaning off or a second pump run
should be selected, the echocardiographer con-
ducting intraoperative TEE is required to be trained
according to a certain algorithm. In particular,
when the saline test results are difficult to judge
the extent of residual regurgitation, evaluation by
intraoperative TEEmaybe faster andmore accurate
under physiologic cardiac movement after weaning
off the CPB.

The present review aimed to examine the cur-
rent clinical role of intraoperative TEE in MV repair
in the operating room.
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ROLE OF INTRAOPERATIVE
TRANSESOPHAGEAL ECHOCARDIOGRAPHY
IN MITRAL VALVE REPAIR: WHAT IS
SUCCESSFUL MITRAL VALVE REPAIR?

Echocardiographic imaging of the MV before and
immediately after repair is crucial for immediate
and long-term outcomes.8–10 Postrepair echocar-
diographic imaging reveals the new baseline anat-
omy, assesses the function, and determines
whether further intervention is required.
Successful MV repair is defined as a decrease in

MR severity to mild or less without mitral stenosis
or left ventricular outflow tract obstruction owing
to systolic anterior motion (SAM). The surgeon
should achieve complete MR elimination while
minimizing valve area reduction.11 An inadequate
technique may result in either residual MR or mitral
stenosis, which can be shown using intraoperative
TEE. Such information will improve treatment op-
tions, enhance the timing of invasive therapies,
and lead to advancements in repair techniques,
thereby yielding better outcomes.
Quantitatively, an ideal MV repair should

restore competency (MR <11), ensure adequate
patency (mean gradient of �6 mm Hg and MV
area of �1.5 cm2), and have durability (>10 years
without significant MR and/or reoperation).12–16

Because intraoperative TEE provides immediate
diagnostic feedback and assessment of results
during valve repair procedures, it has become
an essential guiding tool for decision-making
among surgeons.11

In the operating room, optimizing the communi-
cation between the surgeon and the cardiologist
performing echocardiography is mandatory to
ensure the best possible outcomes for patients.
Because postprocedural echocardiographic evalu-
ation can be conducted immediately after aortic
cross-clamp release, the cardiologist must be on
standby in the operating room before the comple-
tion of left atrial suture. Furthermore, obtaining in-
formation from the surgeon on how valve repair
was performed is important. An online environment
in which the surgical field can be viewed from all
medical record terminals in the hospital enables
cardiologists to observe directly the repaired valve
remotely from an echocardiographic laboratory
(Fig. 1). The key to successful MV repair is that
the final 3D images of the repaired valve can be
shared simultaneously between surgeons and
cardiologist when the CPB was weaned off.
Because the procedures used in MV repair differ

depending on the facility and surgeon, it is neces-
sary to share information among echocardiog-
raphers on surgical techniques that are often
used in daily clinical practice.
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Systematic echocardiographic evaluation of MV
repair is mandatory. At the initial time when the
CPB is weaned off, the most sufficient imaging
view for the evaluation of the repaired MV is the
midesophageal (ME) long axis (LAX) view, not the
4-chamber view or mitral commissural view. The
reasons for this are as follows: (1) it is easy to
observe the dynamic state of the aortic valve start-
ing to open, because the volume is loaded to the
left ventricle. (2) Both the anterior and posterior
MV leaflets can be visualized simultaneously. (3)
The mobility, coaptation, and regurgitation of the
repaired MV, as well as the iatrogenic regurgitation
of the aortic valve, can be evaluated at a glance.
The following checkpoints for the assessment of
MV repair are recommended (Fig. 2).
Checkpoint 1: Residual Mitral Regurgitation

A successfully repaired MV should not have more
than mild MR immediately after separation from
the CPB.17,18 The principles for the echocardio-
graphic assessment of residual MR are the same
as those for the evaluation of the native valve.13

Such assessment should be performed with a suf-
ficiently loaded left ventricle and a systolic blood
pressure of greater than 100 mm Hg to simulate
physiologic status and avoid residual MR underes-
timation. Surgeons need to put up a few minutes
for proper volume and afterload settings and for
their echocardiographic assessments, which re-
sults in the best benefit to patients. MR jet area
with color flow Doppler (CFD) is the most common
method used for the rapid quantitative evaluation
of residual MR.
If residual MR is more than mild or occurs in

eccentric jets, a detailed assessment is required
to determine the mechanism of residual MR and
aid in the revision of re-repair on a second CPB
pump run (second pump run) (Fig. 3). The need
for a second pump run is considered when the
MR jet area is more than 1.0 cm2 or an eccentric
MR jet is observed in the authors’ institution.18

If the site and mechanism of regurgitation
cannot be evaluated accurately, the surgeon may
face a problem in deciding where and how to
repair the second pump run. In particular, depict-
ing the coaptation zone of the MV in the ME LAX
view is sometimes difficult owing to the acoustic
shadowing caused by the annuloplasty ring
implanted into the annulus. When the acceleration
flow by CFD cannot be detected on the ventricular
side of the repaired MV and only the regurgitant jet
spreading into the left atrium can be observed,
transgastric (TG) LAX and short axis views should
be attempted (Fig. 4). The coaptation zone of the
MV and subvalvular structures can often be clearly
IGAN from ClinicalKey.com by Elsevier on May 26, 
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Fig. 1. Electronic medical records system that enables
viewing of real-time surgical field in an echocardio-
graphic laboratory, allowing efficient real-time informa-
tion sharingbetweensurgeonsandechocardiographers.
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visualized in TG views; therefore, the detection of
the acceleration flow becomes easier.

Checkpoint 2: Leaflet Mobility and Alignment

It is necessary to simultaneously observe leaflet
mobility and state of coaptation while searching
for regurgitation using CFD. The ME LAX view
and mitral commissural view by clockwise and
counterclockwise probe rotation are applied for
the assessment of leaflet appearance and motion.
The leaflets’ height should be aligned neatly next
to or opposite each other with no coaptation
gaps in systole. Additionally, an assessment of
the degree and level of coaptation is essential; a
successfully repaired MV should have a leaflet
Fig. 2. Proposed TEE imaging strategy starting from the
LAX, long axis; MC, mitral commissural; MPR, multiplanar
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coaptation length of 5 to 8 mm at the A2 to P2 level
(Fig. 5).19
Checkpoint 3: Systolic Anterior Motion

SAM refers to the dynamic movement of the MV
toward the interventricular septum during systole,
resulting in left ventricular outflow tract obstruc-
tion and/or MR. Because postrepair SAM is
well-known to occur in 1% to 16% of patients un-
dergoing MV repair,20–23 the presence of SAM
immediately after repair must therefore be
excluded in the ME LAX view. Excessive anterior
or posterior leaflet tissues, a small and hyperki-
netic left ventricle, bulging of the basal interven-
tricular septum, and the use of a small
annuloplasty ring have been identified as risk fac-
tors for SAM.24–26 When SAM is observed during
weaning from the CPB, the initial management
strategy should focus on ventricular volume
loading, discontinuation of inotropes, use of
beta-blockers, and increasing the afterload.27

The effects of these treatments can be observed
immediately in the same ME LAX view. If signifi-
cant SAM is persistent despite these medical
treatments, further surgical revision is required,
including reduction of the posterior leaflet’s
height, shortening of the neo-chords, and the
use of a larger annuloplasty ring or band (Fig. 6).

When assessing the presence of SAM, it is
important to ensure that all left ventricular seg-
ments begin to contract normally. Air embolism
in the right coronary artery is a common
ME LAX view for MV repair. AR, aortic regurgitation;
reconstruction; SAX, short axis; TG, transgastric.
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Fig. 3. Example of postrepair eccentric MR jets owing to incomplete repair. (A) Midesophageal (ME) commissural
view showing eccentric MR toward the prosthetic ring caused by residual P3 prolapse. (B) ME commissural view
showing eccentric MR caused by residual P1 prolapse.

Fig. 4. Intraoperative ME TEE and TG TEE views of a case of MV repair. ME LAX views showing the repaired MV at
the A2 to P2 level in peak systole (A) and diastole (B). The posterior leaflet (arrow) is sometimes difficult to visu-
alize because of shadowing from the prosthetic ring (yellow arrow). TG LAX view of the MV at the A2 to P2 level
in systole (C), which clearly shows the coaptation surface of the MV. The acceleration flow of residual MR can be
observed with CFD in the TG short axis view of the MV at the orifice level (D).
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Fig. 5. A successful case of MV repair for P2 prolapse. Representative images of the MV before (upper row; A–C)
and after (lower row; D–F) repair for severe MR owing to P2 prolapse. (A) Endoscopic view of the MV with P2
prolapse and torn chordae after placing sutures within the annulus. (B) A 3D photorealistic TEE surgeon’s view
(“TrueVue”) showing a frail P2 segment and ruptured chordae tendineae. (C) Preoperative 2D ME LAX view
showing a P2 prolapse with torn chordae. (D) Endoscopic view of the MV after repair during the saline test.
(E) Intraoperative 3D TEE surgeon’s view of the MV after repair at the time when the CPB was weaned off. (F)
Postoperative 2D ME LAX view showing the coaptation surface at the A2 to P2 level.
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complication immediately after CPB, which can
lead to left ventricular inferior and posterior wall
hypokinesis with ST-segment elevation in inferior
the electrocardiographic leads (II, III, and aVF).
Transient abnormalities in inferior or posterior
wall motion decrease the function of papillary
muscles and the mobility of the mitral posterior
leaflet, thereby masking the presence of SAM.
Left ventricular dyssynchrony is another
Fig. 6. An example case of SAM after MV repair requirin
views of the MV showing postrepair SAM (arrow) owing
re-repair with shortening of the neochords after the seco
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component that may mask postrepair SAM. Tem-
porary epicardial pacing is routinely used to facili-
tate weaning from the CPB. In several cases, TEE
under pacing (often around 80–90 ppm) is forced
to be continued owing to the difficulty in achieving
adequate sinus rhythm and sudden atrioventric-
ular block immediately after termination from the
CPB. Nonetheless, cardiac contraction often
shows a nonphysiologic pattern during ventricular
g a second pump run and re-repair. Zoomed ME LAX
to excessive posterior leaflet tissue (left, A) and post-
nd pump run (right, B).
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pacing. Furthermore, there are cases in which
delayed posterolateral wall contraction is gener-
ated and the posterior leaflet does not sufficiently
move during systole owing to left ventricular dys-
synchrony. In such cases, a significant SAM may
occur as soon as an effective sinus rhythm is
established. Hence, careful assessment with TEE
is required because SAM may be masked when
temporary cardiac pacing is indicated or the left
ventricular wall motion is abnormal.

Checkpoint 4: Mitral Stenosis

The evaluation of the transvalvular flow across the
MV immediately after surgery is important. Iatro-
genic mitral stenosis is a recognized complication
after MV repair.28,29 Irrespective of technique,
prosthetic ring or band annuloplasty is the main-
stay of all repair procedures.30 Rings or bands
are used to improve the durability of repair and
prevent further annular dilatation by decreasing
the anatomic MV area; therefore, some degree of
mitral stenosis will occur after MV repair with
annuloplasty.12,31 However, there exist no specific
echocardiographic criteria for the intraoperative
diagnosis of iatrogenic mitral stenosis after MV
repair. Functional mitral stenosis is currently
defined as an MV area of 1.5 cm2 or less or a
mean transmitral pressure gradient of 5 mm Hg
or greater, irrespective of etiology. Although mea-
surement of the anatomic MV area using 2-dimen-
sional (2D) planimetry in the TG short axis view is
useful for experienced echocardiologists, it is
rarely conducted owing to technical challenges,
especially in the intraoperative setting. Moreover,
it is difficult to determine whether the TG short
axis view is obtained at the tip level of the repaired
MV and represents the smallest MV orifice area.32

Consequently, most cardiologists and surgeons
tend to rely on the mean transmitral pressure
gradient to assess functional mitral stenosis after
repair; nevertheless, hemodynamic changes
immediately after the CPB affect this parameter.
The incidence of acute iatrogenic mitral stenosis

during surgery remains unclear because the avail-
able parameters for MV area quantification in the
setting immediately after repair have a different
physiology, as compared with native valves. Post-
repair acute mitral stenosis is rare, unless a ring
that is, too small or an edge-to-edge procedure
is used in multiple locations of the degenerative
MV.

Checkpoint 5: Worsened Aortic Regurgitation

Postrepair TEE examination may show the emer-
gence of a new aortic regurgitation or deterioration
in preexisting aortic insufficiency if the aortic valve
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is injured or distorted during MV and/or tricuspid
valve repair or replacement.33–35 This iatrogenic
injury to the aortic valve results from its anatomic
proximity to the mitral annulus and annuloplasty
ring stitches. The anterior mitral annulus is closely
related to the aortic valve, specifically to the left
and noncoronary aortic cusps. Normally, the dis-
tance between the nadir of these cusps and the
anterior MV annulus is 5 to 10 mm; however,
anatomic variations in the position of the nadir of
the aortic valve and unintentional stitches may
occur, resulting in suture needle perforation of
the aortic cusp. Furthermore, tension caused by
the MV annuloplasty ring or tricuspid valve
replacement may lead to distortion of the aortic
annulus owing to its adjacent position.36 Thus,
close attention should be paid to the emergence
of a new aortic regurgitation after MV repair.
THE ROLE OF 3-DIMENSIONAL
TRANSESOPHAGEAL ECHOCARDIOGRAPHY
IN THE ASSESSMENT OF MITRAL VALVE
REPAIR

Multiplane imaging with 2D TEE provides detailed
assessment of cross-sectional valve anatomy and
function. Although multiple thin 2D images can be
mentally reconstructed into a 3D valve model, this
process requires physicians to be skilled in
acquiring 2D valve images with correct alignment
of imaging planes according to a systematic imag-
ing algorithm.37 Real-time 3D TEE has improved
and provided incremental value to the assessment
of anatomic features, location, and extent of MV
pathology.38–41 Additionally, 3D TEE with CFD
aids in identifying the location of the regurgitant
orifice and direction of the regurgitant flow
(Fig. 7). Real-time, single-beat 3D imaging is less
operator dependent and enables the visualization
of the entire MV in a single view as well as an
assessment of the MV apparatus from either the
left atrial or left ventricular perspective.42,43

Furthermore, 3D TEE is superior to 2D TEE with
respect to the identification of dominant lesions
in patients with complex prolapse involving Bar-
low’s disease and/or commissural lesions
(Fig. 8).44 The amount of commissural tissues
varies greatly, and commissures sometimes exist
as distinct leaflet scallops. In addition, 3D TEE is
useful for recognizing the indentations that sepa-
rate the posterior leaflet into 3 individual scal-
lops.45,46 The location of these indentations
considerably varies among individuals, and there
is also a bulky P3 scallop that is large enough to
occupy the position of the original P2 segment
(Fig. 9). This recognition is essential when planning
IGAN from ClinicalKey.com by Elsevier on May 26, 
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Fig. 7. Real-time 3D TG LAX view can easily shows the coaptation zone of the MV with only a single-beat acqui-
sition (A). 3D multi-beat CFD of repaired MV can demonstrates an eccentric jet from P3 segment (B).
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procedures such as indentation closure in MV
repair.

Acquisition of 3D datasets is mandatory, which
is ideal when assessing complex structures of
the MV apparatus in detail. Multibeat, wide angle,
full-volume 3D imaging can provide images
with greater temporal and spatial resolution.3,45

Nonetheless, multibeat 3D imaging requires
electrocardiographic-gated acquisition and breath
holds to minimize stitch artifacts, and it takes
considerable experience for echocardiographers
to capture high-quality 3D TEE images without
artifacts.

Performing TEE for detailed preoperative
evaluation in the operating room is not
Fig. 8. Examples of Barlow’s disease and commissural lesion
disease (A–D) and commissural lesion (E–H) are shown in
repair. Preoperative 3D surgeon’s view from the left atrial
F). Preoperative endoscopic view (C, G). Postoperative endo
test (D, H).
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recommended because electrocautery-induced
electrical interference has a negative effect on
electrocardiographic-gated images and echocar-
diographic image quality is likely to be poor owing
to the patients’ supine position instead of left
lateral position.

Surgeons have ethical duties to explain planned
procedures to patients and obtain valid informed
consent from patients before surgery. Therefore,
preoperative TEE should be completed in the
echocardiographic laboratory rather than in the
operating room on the day of surgery. Further-
more, 3D TEE facilitates communication with sur-
geons by providing images that they may see
upon opening up the left atrium in the operating
. Representative cases of severe MR owing to Barlow’s
3D TEE images and endoscopic views before and after
perspective (A, E). Photorealistic 3D surgeon’s view (B,
scopic view immediately after repair during the saline
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Fig. 9. A bulky P3 lesion mimicking a P2 lesion in conventional 2D images. The 2D ME commissural view shows a
huge P3 lesion that is about to reach the P1 segment over the original P2 segment (A). These 3D surgeon’s views
are more intuitive for understanding the anatomic characteristics and mechanism of regurgitation (B). A 3D pho-
torealistic view (“TrueVue”) provides additional anatomic details (C). Peak systolic parametric map derived from a
3D TEE image showing prolapse of the huge P3 scallop over the P2 scallop area (D).
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room. Further advancements in imaging will
continue to improve the understanding about MV
function and dysfunction both before and after
repair.
SUMMARY

TEE is an important preoperative imaging modality
for successful MV repair and an essential guiding
tool for intraoperative decision-making among
surgeons by providing immediate diagnostic feed-
back and assessment of results during valve repair
procedures. Systematic echocardiographic evalu-
ation of MV repair and use of 3D TEE in combina-
tion with 2D TEE based on a specific algorithm are
mandatory.
CLINICS CARE POINTS

� Successful mitral valve (MV) repair is defined
as a decrease in mitral regurgitation (MR)
severity to mild or less without mitral stenosis
(MS) or systolic anterior motion (SAM).

� Intraoperative transesophageal echocardiog-
raphy (TEE) has become an essential guiding
tool for decision-making among surgeons.

� Systematic echocardiographic evaluation ac-
cording to the following checkpoints, including
residual MR, leaflet mobility and alignment,
SAM, iatrogenic MS, and worsened aortic
Downloaded for Anonymous User (n/a) at UNIVERSITY OF MICHIG
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regurgitation should be performed immedi-
ately after MV repair.
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