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Intraoperative Transesophageal Echocardiography for
Surgical Repair of Mitral Regurgitation
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Surgical repair of the mitral valve is being increasingly performed to treat severe mitral regurgitation. Transe-
sophageal echocardiography is an essential tool for assessing valvular function and guiding surgical decision
making during the perioperative period. A careful and systematic transesophageal echocardiographic exam-
ination is necessary to ensure that appropriate information is obtained and that the correct diagnoses are ob-
tained before and after repair. The purpose of this article is to provide a practical guide for perioperative
echocardiographers caring for patients undergoing surgical repair of mitral regurgitation. A guide to perform-
ing a systematic transesophageal echocardiographic examination of the mitral valve is provided, along with an
approach to prerepair and postrepair assessment. Additionally, the anatomy and function of normal and re-
gurgitant mitral valves are reviewed. (J Am Soc Echocardiogr 2014;27:345-66.)
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In suitable patients, surgical repair is an excellent treatment option for
severe mitral regurgitation (MR). The procedure is associated with
low mortality and is highly durable. Among 58,370 unselected pa-
tients from the Society of Thoracic Surgeons Adult Cardiac Surgery
database undergoing isolated mitral valve (MV) surgery in the
United States between January 2000 and December 2007, operative
mortality was 1.4% for valve repair compared with 3.8% for valve
replacement.’ During the study period, the rate of valve repair
increased from 51% to 69%. Among a cohort of 14,604 older pa-
tients (aged >65 years) undergoing mitral repair, operative mortality
was 2.59%, the 10-year reoperation rate was 6.2%, and 10-year sur-
vival was 57.4%, equivalent to the matched US population.”
Although there have been few randomized trials comparing MV
repair with replacement, a meta-analysis in 2007 of nonrandomized
series demonstrated reduced early mortality and lower rates of
thromboembolism for repair compared with replacement.” In addi-
tion to reduced early mortality for patients with degenerative MV dis-
ease (odds ratio, 1.93; 95% confidence interval, 1.08—3.44), mortality
was also reduced in patients with functional MR (FMR) (odds ratio,
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2.01; 95% confidence interval, 1.19-3.40) and in mixed patient pop-
ulations (odds ratio, 2.39; 95% confidence interval, 1.76-3.26).
However, these data are nonrandomized and subject to selection
bias. Older and sicker patients, and those with less favorable valves,
are more likely to undergo MV replacement. Notwithstanding the
lack of randomized data, for patients with suitable valves, surgical
repair is now the preferred option for treating severe MR.

Transesophageal echocardiography (TEE) affords high-quality,
real-time assessment of MV structure and function and is uniquely
suited to intraoperative use. Consequently, TEE is an essential tool
during MV repair surgery.® Before repair, TEE is used to
determine the mechanism, extent, and severity of MR. After repair,
TEE is used to evaluate the severity of any residual regurgitation
and to diagnose other complications, such as systolic anterior
motion (SAM) and mitral stenosis. However, to obtain appropriate
information to guide surgical decision making, perioperative
echocardiographers must understand the etiology and mechanisms
of MR, have an appreciation of surgical techniques, and, most
important, be able to perform a comprehensive assessment of MV
structure and function in the operating room environment. The
primary objective of this review article is to provide an up-to-date,
practical guide to perioperative transesophageal echocardiographic
assessment of patients undergoing MV repair surgery.

NORMAL ANATOMY AND FUNCTION OF THE MITRAL VALVE

The MV is best conceptualized as a valve complex, comprising an
annulus, leaflets, chordae, papillary muscles, and left ventricular mus-
cle. Normal functioning of the MV requires the coordinated activity of
all components of the valve complex.

Annulus

The mitral annulus is a fibrofatty ring that approximates a hyperbolic pa-
raboloid, a geometric shape similar to a riding saddle.® The annulus has
two axes, a shorter and “higher” (more basal) anteroposterior (AP) axis
and a longer and “lower” (more apical) commissural axis (Figure 1). The
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Abbreviations

AP = Anteroposterior

CPB = Cardiopulmonary
bypass

EROA = Effective regurgitant
orifice area

FED = Fibroelastic deficiency
FMR = Functional mitral

anterior pole of the AP axis corre-
sponds to the “riding horn” of the
saddle and the commissural axis
to the “seat” of the saddle.
Anteriorly, the mitral annulus is
thickened and fixed to the aortic
annulus, a region termed the in-
tervalvular fibrosa. The saddle
shape of the mitral annulus acts
to reduce tension on the leaflets,

particularly the middle scallop of
the posterior leaflet.”® Annular
height is normalized to annular
size by the ratio of height to
commissural length at end-
systole and is normally about
15%2° Leaflet tension increases
dramatically when this ratio falls
below 10% (e, when the
annulus becomes planar
[decreased heightl or dilated
[increased commissural lengthl).

Ventricular contraction results
in important conformational
changes in the mitral annulus

regurgitation

LVEF = Left ventricular
ejection fraction

LVOT = Left ventricular
outflow tract

MR = Mitral regurgitation
MV = Mitral valve
NL = Nyquist limit

PISA = Proximal isovelocity
surface area

PVR = Pulmonary vascular

resistance " o1l

. . (Figure 1).”"" In early systole,
SAM = Systolic anterior left  ventricular  contraction
motion

causes a sphincter-like decrease
in posterior annular area. The
annulus shortens along the AP
axis, and overall annular area is
reduced by approximately 25%.
Ventricular ~ contraction  also
causes systolic folding of the
anterior annulus, leading to a
deepening of the saddle. The AP
diameter returns to normal in
midsystole, but increased annular
height is maintained throughout systole. Annular folding and
sphincteric contraction reduce leaflet tension and aid leaflet apposition,
particularly in early systole when ventricular pressure is low.® '

TEE = Transesophageal
echocardiography

3D = Three-dimensional
TR = Tricuspid regurgitation
2D = Two-dimensional
VCA = Vena contracta area

VCW = Vena contracta width

Leaflets

The MV has an anterior and a posterior leaflet (Figure 2). The anterior
leaflet is oriented slightly medially (rightward) and the posterior leaflet
slightly laterally (leftward). The leaflet edges meet at two commis-
sures, termed anterolateral and posteromedial. The anterior leaflet
is thicker, has a shorter annular attachment, and has a longer base-
to-tip length than the posterior leaflet. In most people, the posterior
leaflet is composed of three distinct scallops, which are not present
on the anterior leaflet. Pleating of the scallops aids closure of the C-
shaped posterior leaflet. By contrast, the anterior leaflet does not alter
its circumferential length during systole, and therefore no pleating
mechanism is required. Leaflet segments are usually named using
the system popularized by Carpentier (Figure 2).'> This nomenclature
is useful for defining the location of leaflet pathology and for
describing the relationship of the annulus to adjacent cardiac struc-
tures. The edges of the leaflets meet at a curved coaptation line that
runs roughly along the commissural axis. There is normally approxi-
mately 10 mm of leaflet overlap (coaptation height) at end-systole.
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Papillary Muscles, Chordae, and Left Ventricle

Two papillary muscles, the anterolateral and the posteromedial, sup-
port the mitral leaflets. The papillary muscles run parallel with the long
axis of the left ventricle, aligned with the commissures. Systolic
contraction of the papillary muscles offsets the base-to-apical short-
ening of the left ventricle, which would otherwise cause leaflet pro-
lapse. The larger anterolateral muscle typically arises from the mid
anterolateral wall of the left ventricle and supports the ipsilateral
half of both leaflets: A1/P1 and the anterolateral part of A2/P2.
The smaller posteromedial muscle typically arises from the mid infe-
rior wall of the left ventricle and supports the ipsilateral part of both
leaflets: A3/P3 and the posteromedial part of A2/P2. Branches of
the left anterior descending and circumflex coronary arteries supply
the anterolateral muscle, whereas the posteromedial muscle is sup-
plied entirely by branches of the right coronary artery and is therefore
more vulnerable to rupture after myocardial infarction.

The papillary muscles attach to the leaflets via chordae tendineae.
Primary chords attach to the free edges of the leaflets, and secondary
chords attach to the undersurface of the leaflets. Primary chords sup-
port the free edges of the leaflets during systole. Rupture of primary
chords causes acute MR. Secondary chords help maintain left ventric-
ular geometry, particularly the two thicker strut chords, which attach
to the undersurface of the anterior leaflet.®

ETIOLOGY OF MITRAL REGURGITATION

In developed countries, degenerative disease and FMR are the two
most common indications for surgical treatment of MR, accounting
for approximately 70% and 20% of cases, respectively."”
Rheumatic heart disease is relatively uncommon in developed nations
but remains the most frequent cause of valvular heart disease in devel-
oping countries. Other important causes of MR include endocarditis,
clefts, and papillary muscle rupture.

Degenerative MR

Degenerative MV disease encompasses a range of pathology,
including chordal stretching or rupture, leaflet thickening and redun-
dancy, annular dilatation, and calcification of the leaflets and chordae.
Leaflet and chordal thickening is due to proliferation of cellular and
connective tissue elements, particularly the accumulation of glycos-
aminoglycans in the extracellular matrix,'*'> a process termed
myxomatous change.

Two forms of degenerative disease are recognized: fibroelastic defi-
ciency (FED) and Barlow disease.'®!” With FED, there is chordal
elongation or rupture resulting in prolapse or flail of an isolated
segment, most commonly P2. The affected segment may be
morphologically normal or demonstrate myxomatous change.
Annular dimensions are only mildly increased. Patients with FED
are typically older (aged >60 years) and have short clinical histories
consistent with the abrupt onset of MR due to chordal rupture.
Barlow disease is characterized by widespread myxomatous change
involving multiple leaflet segments and the subvalvular apparatus.
Patients are often younger (aged <60 years) and have long-standing
MR. Although FED and Barlow disease are separate clinical entities,
they represent two ends of a disease spectrum. Barlow disease is asso-
ciated with mitral annular disjunction, in which there is wide separa-
tion (5—15 mm) between the left ventricular wall and the atrial wall—
MYV junction posteriorly, resulting in hypermobility of the posterior
annulus.'® Degenerative MV disease usually occurs in isolation but
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Figure 1 Schematic demonstrating the 3D shape and motion of the mitral annulus. During systole, contraction along the AP axis re-
sults in reduced annular area, and folding along the commissural axis results in increased annular height. See text for details.

is also associated with systemic connective tissues disorders such as
Marfan and Ehlers-Danlos syndromes.

Quantitative three-dimensional (3D) echocardiography demon-
strates important abnormalities in valvular dimensions and motion
in patients with degenerative MV disease.'”'”*° Values for annular
area, leaflet area, AP diameter, commissural diameter, and prolapse
height are all increased compared with normal, being greater for
Barlow disease than FED.'"'” The ratio of commissural diameter to
AP diameter is reduced with Barlow disease compared with FED,
reflecting the more circular shape of the annulus in Barlow
disease.'” Annular dynamics are also abnormal. During systole, short-
ening along the AP axis occurs normally, but there is marked patho-
logic expansion along the commissural axis in late systole, leading to a
diminished reduction in annular area, which exacerbates MR.'°
Annular folding is also reduced, resulting in a more planar annulus,
which also contributes to MR.'”

Successful repair of degenerative MV disease is possible in the ma-
jority of patients, particularly when disease is limited to the posterior
leaflet. Anterior and bileaflet repairs are more challenging and are
associated with a lower rate of success and a higher need for reoper-
ation.”""*> However, success for all types of repairs is increasing. In
recent series, success rates approaching 100% have been reported
for isolated posterior leaflet repairs.”*** For complex anterior and
bileaflet repairs, success rates of >90% have been reported at high-
volume centers.”>?° These figures are unlikely to be achieved in
nonspecialist units.

FMR

FMR is MR that occurs in the presence of structurally normal mitral
leaflets. FMR may be ischemic or nonischemic, the latter due primar-
ily to dilated cardiomyopathy. The main mechanism of FMR is leaflet
tethering due to ventricular dilatation.’”?® Left ventricular
remodeling causes lateral and/or apical displacement of the
papillary muscles, resulting in leaflet tethering in systole. However,
the relationship between ventricular dilatation and MR is complex.
FMR is more common after inferior or posterior myocardial
infarction than anterior infarction, despite greater ventricular
dilatation with the latter (Figure 3).2°3! Inferior or posterior
infarction causes more displacement of the posteromedial papillary
muscle than occurs to the anterolateral papillary muscle after
anterior infarction.”” There are several reasons for the reduced impact
of anterior infarction on mitral geometry”': the annulus is better sup-
ported anteriorly by the intervalvular fibrosa, the ventricular septum
helps prevent lateral displacement of the anterolateral papillary mus-

cle, and anterior infarctions tend to be more apical, with relative
sparing of the basal left ventricular wall.

Left ventricular systolic dysfunction and annular dilatation
contribute to FMR but are not primary etiologic mechanisms. In clin-
ical studies, there is an inconsistent relationship between left ventric-
ular ejection fraction (LVEF) and the severity of FMR.>%*> Thus, it is
not unusual for patients with severe left ventricular dysfunction to
have minimal FMR and vice versa. Annular dilatation, particularly
along the AP axis, is a consistent finding but is less marked than
with degenerative MR.!®?%3% Annular height is variable, but in
general, the annulus is more planar than normal.'”?%** During
systole, there is reduced contraction along the AP axis and a
minimal increase in annular height.”°

[solated annular dilatation, in the absence of ventricular remodel-
ing, is an uncommon cause of FMR but can occur because of atrial
dilatation secondary to atrial fibrillation.>”

The durability of MV repair for FMR is less than for degenerative
disease, with recurrence rates for moderate or severe MR of 20%
to 30% typical’®>® Recurrence is more likely when annular
dilatation is severe and there is marked leaflet tethering (see
below).>**? In a recently published randomized trial, no difference
in survival was observed between repair or replacement for severe
FMR, but recurrence of moderate or severe regurgitation was
32.6% for repair versus 2.3% for replacement at 12-month follow-
up.® However, the trial was not powered to detect a mortality
difference, and given the randomized design, some patients at high
risk for recurrence would have undergone valve repair.

Rheumatic Disease, Endocarditis, Clefts, and Papillary
Muscle Rupture

Rheumatic MR is characterized by leaflet thickening and retraction,
chordal shortening, and commissural fusion. Leaflet motion is
restricted in both systole and diastole, and the leaflet tips have a char-
acteristic rolled-edge appearance. Calcification may be present in the
annulus, leaflets, and subvalvular apparatus. Valve repair for rheu-
matic MR is challenging and associated with a high failure rate.%*'
In most circumstances, valve replacement is the preferred treatment.

Endocarditis can occur on normal valves but is more common on
diseased valves. MR arises because of leaflet perforation, destruction,
or deformity. Leaflet perforation commonly occurs at the site of
attachment of vegetations. Endocarditis can also cause aneurysm or
abscess formation in the valve and surrounding tissues, which may
perforate causing MR.**** If leaflet destruction is not severe, MV
repair is feasible in most patients.*>
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Figure 2 Schematic demonstrating the anatomic relationships, leaflet nomenclature, and orientation of the MV. (A) The four heart
valves are shown in an anatomic orientation, from the base (atrial aspect) of the heart. The relationship of the MV to the aortic valve,
left atrial appendage, circumflex coronary artery, coronary sinus, and bundle of His are demonstrated. (B) Carpentier nomenclature
for the mitral segments with the MV shown in three different orientations. The anterolateral, middle, and posteromedial scallops of the
posterior leaflet are termed P1, P2, and P3, respectively, and the adjacent segments of the anterior leaflet are termed A1, A2, and A3.
In the anatomic view, the valve is displayed from the base of the heart with the left atrium cut away. The patient’s left and right corre-
spond to the observer’s left and right. The AP axis of the valve does not lie in a true AP axis but is rotated slightly clockwise with the
anterior leaflet orientated slightly medially (rightward) and the posterior leaflet orientated slightly laterally (leftward). The A1/P1 seg-
ments are anterior and lateral (adjacent to the anterolateral commissure), and the A3/P3 segments are posterior and medial (adjacent
to the posteromedial commissure). In the transesophageal echocardiographic view, the valve is rotated clockwise 180° from the
anatomic view. This is the orientation of the MV that is seen in the transgastric basal short-axis view. The surgical view is the view
the surgeon has standing on the patient’s right looking through a left atrial incision. This is also the standard orientation to display
3D data sets. In the surgical or 3D view, the AP axis of the valve does appear in a true AP orientation. A1/P1 is on the left, adjacent
to the left atrial appendage, and A3/P3 is on the right, adjacent to the coronary sinus. The aortic valve lies above the MV, adjacent to
A2. A, Anterior leaflet of pulmonary and tricuspid valves; AML, Anterior mitral leaflet; PML, posterior mitral leaflet; L, left leaflet of pul-
monary and aortic valves; N, noncoronary leaflet of the aortic valve; P, posterior leaflet of tricuspid valve; R, right leaflets of pulmonary
and aortic valves; S, septal leaflet of tricuspid valve.

TRANSESOPHAGEAL ECHOCARDIOGRAPHIC
ASSESSMENT OF THE MITRAL VALVE

Mitral clefts are typically congenital in origin. Anterior clefts are
more common than posterior clefts and usually occur in association
with other congenital heart disease, particularly endocardial cushion
defects such as inlet ventricular septal defect or primum atrial septal
defect.*® Clefts of the posterior leaflet are very uncommon and are
not associated with other congenital heart disease.*” Clefts that pre-

Patients undergoing MV repair should undergo a systematic transeso-
phageal echocardiographic examination according to published
guidelines.”' In addition, the MV apparatus should be further exam-

sent in adulthood are strongly associated with degenerative MV dis-
ease, at least for the posterior leaflet."” Degenerative change may
reflect regurgitation-induced mechanical injury.*® The great majority
of mitral clefts can be successfully repaired.*”

Most cases of papillary muscle rupture are due to myocardial
infarction, but rupture occasionally occurs after chest trauma.
Rupture of the posteromedial muscle is associated with inferior
myocardial infarction and occurs approximately 10 times more
commonly than rupture of the anterolateral muscle, reflecting the
single-vessel blood supply to the former.*>°° MV replacement is
usually required.

ined using a combination of two-dimensional (2D) and 3D imaging
(Figure 4). Two-dimensional and 3D imaging are complementary mo-
dalities, each with its own strengths and limitations. In general, quali-
tative 3D imaging is more suitable to the operating room
environment than quantitative analysis. Qualitative 3D imaging is
more accurate than standard 2D imaging in localizing leaflet pathol-
ogy,”” whereas 2D imaging is superior to qualitative 3D imaging
for making measurements and for rapidly quantifying severity. In stan-
dard 2D and 3D views, it is important to adjust the depth or zoom
function to focus on the mitral apparatus and to examine the valve
with and without color Doppler.
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(C) Anterior infarction, no tethering (D) Global remodelling, symmetric tethering

Figure 3 Leaflet tethering patterns and FMR. (A) Normal appearances of the mitral leaflets at end-systole. The plane of coaptation is
at the level of the annular plane, and there is significant leaflet overlap (coaptation height). (B) Effect of inferior or posterior myocardial
infarction. Localized remodeling (shaded red) causes lateral displacement (indicated by the directional arrow) of the posteromedial
papillary muscle (PMP), leading to leaflet tethering, particularly of the posterior leaflet, and anterior leaflet override. If present, the
jet of MR is posteriorly directed. Tenting area is the area bounded by the mitral leaflets and the annular plane and is normally
0 mm?. Tenting height is the distance from the leaflet tips to the annular plane, and is normally < 5 mm. (C) Effect of anterior myocardial
infarction. Remodeling (shaded red) after anterior infarction typically involves more myocardium than inferior infarction but causes
less leaflet tethering. See text for details. (D) Symmetric leaflet tethering due to apical and lateral displacement (indicated by the
red directional arrow) of both papillary muscles. The coaptation point is displaced well into the left ventricle (LV), resulting in a marked
increase in tenting height. There may be a central jet of MR. Symmetric tethering is associated with dilated cardiomyopathy and global

remodeling after anterior myocardial infarction. If present, the jet of MR is typically central. LA, Left atrium.

Orientation of the MV can be confusing; the three commonly used
orientations are shown in Figure 2.

Echocardiographic-Anatomic Correlations

Various “roadmaps” have been published describing the anatomic-
echocardiographic relationships for the standard midesophageal
views.”>>°® However, differences exist regarding which leaflet
segments are visualized in each view, particularly with respect to
the four-chamber view, which has variously described as visualizing
A2/P2,°>% A2/A1/P2,°° and A2/A3/P2/P3.°* Furthermore, in a
recent study by Mahmood et al,>” in which experienced echocardiog-
raphers were shown a video sequence of various midesophageal
views, the correct mitral segments were identified in only 30.4% of
cases. Correct identification of A2 and P2 occurred 69.4% of the
time in the long-axis view and 50% of the time in the four-chamber
view. Al and Pl were correctly identified 13.89% of the time in
the long-axis view and 47.2% of the time in the four-chamber view,
while correct identification of A3 and P3 occurred in only 5.6% of
cases in both views. In the commissural view, the correct segments
were identified 92% of the time. The reasons for the low success
rate include individual variability in cardiac shape and position

and the lack of anatomic references in the four-chamber and
long-axis views (Figure 5). By contrast, qualitative 3D imaging in the
en face view (Figure 6) allows all mitral segments to be identified
accurately.”>>%°>7

Midesophageal Views

In the four-chamber view (Figure 4A) the anterior leaflet (usually A2)
is on the left, and the posterior leaflet (usually P2) is on the right of the
image. The scan plane typically cuts the coaptation line slightly
obliquely. In a high or mid probe position, the anterior leaflet appears
relatively longer, whereas when the probe is deep, the posterior leaflet
appears relatively longer. Oblique imaging is confirmed by visualizing
the posteromedial papillary muscle on the right of the image.
Withdrawing or anteflexing the probe sweeps the image plane toward
the anterolateral commissure (A 1/P1) and displays the left ventricular
outflow tract (LVOT). Advancing or retroflexing the probe sweeps the
image plane toward the posteromedial commissure (A3/P3).

In the commissural view (Figure 4B), the MV appears trileaflet, with
P1 on the right, A2 in the center, and P3 on the left. The anterolateral
papillary muscle may be visible on the right and the posteromedial
papillary on the left of the image. The image plane runs parallel to
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Figure 4 Standard transesophageal echocardiographic views of the MV with suggested examinations in each view. AML, Anterior
ME, Sutton T. The mitral valve. In: Sidebotham D, Merry AF, Legget ME, Edwards ML. Practical perioperative transesophageal echo-
cardiography. 2nd ed. Philadelphia: Elsevier; 2011:135-162.
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Figure 5 Ambiguity with standard midesophageal imaging. Midesophageal long-axis and commissural views are demonstrated. For
the long-axis view, turning the probe or adjusting the sector rotation from the standard position results in minimal change in the dis-
played image but important changes in which mitral segments are being interrogated. In contrast, for the commissural view, turning
the probe or adjusting the sector rotation from the standard position results in changes to the displayed images coincident with
changes in the displayed mitral segments. Labels A to E on the left-hand images correspond to labels A to E on the displayed images

on the right. LAA, Left atrial appendage.

the axis of the curved coaptation line, which can result in a broad or
double jet of MR when the regurgitant orifice is elliptical (Figure 7).
The commissural view passes through the “low,” “long” axis of the
MYV, yielding higher values for annular dimension and prolapse height
compared with the long-axis view. A flail or prolapsing P2 segment
may appear to rise above A2 in the center of the valve during systole
(the cobra sign; Figure 8). In the two-chamber view (Figure 4C), the
three segments of the anterior leaflet (A3/A2/A1) are to the right,
and P3 is to the left of the image. The coaptation line is cut at A3/
P3. The left atrial appendage is on the right, and the coronary sinus
is on the left.

In a true long-axis view (Figure 4D), the mitral and aortic valves are
both visualized, but neither papillary muscle is seen. When correctly
obtained, the long-axis view cuts the coaptation line perpendicularly
through A2/P2, along the “high,” “short” axis of the valve. Turning the
probe to the left (counterclockwise) sweeps the scan plane toward the
anterolateral commissure (A1/P1) and, eventually, the left atrial
appendage. Turning the probe to the right (clockwise) sweeps the

scan plane toward the posteromedial commissure (A3/P3) and, even-
tually, the right atrium.

Transgastric Views

The basal short-axis view (Figure 4E) provides an en face view of the
MYV, potentially displaying all mitral segments. With color Doppler im-
aging, it is sometimes possible to identify the segments (e.g.,, A1/P1),
but not necessarily the leaflet, involved. However, to visualize the re-
gurgitant jet, the image plane must be sufficiently basal (i.e., at or
above the annular plane in systole), which is frequently not possible.
The two-chamber view (Figure 4F) is useful for visualizing the subvalv-
ular apparatus.

Three-Dimensional Imaging

The recommended orientation for displaying the MV with 3D imag-
ing is en face from the left atrial side in the surgical orientation
(Figure 6).°° This view facilitates unambiguous communication
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Figure 6 En face view of the MV on 3D TEE. The MV is displayed
in the surgical orientation from the left atrial aspect. The left atrial
appendage (LAA) and aortic valve (AV) are included in the image
to help orient the valve.

between the echocardiographer and surgeon and allows all mitral seg-
ments to be accurately identified. The aortic valve and left atrial
appendage should be included in the data set, as this helps when ori-
enting the image.

Three-dimensional data sets may be acquired in a single heartbeat
(real time) or over several heartbeats. With multiple-beat acquisition,
narrow volumes of data are acquired each heartbeat and electroni-
cally stitched together. Real-time acquisition is less affected by electro-
cautery and movement but has lower temporal and spatial resolution
than multiple-beat acquisition. Disconnecting the patient from the
ventilator and pausing diathermy can minimize movement and elec-
trocautery artifacts. Single-beat acquisition is usually satisfactory for
standard 3D imaging, but to achieve adequate resolution, multiple-
beat acquisition, over four to six heartbeats, is necessary for color
3D imaging. Zoomed mode is preferred over full-volume mode, as
the data set can be limited to the MV, further improving resolution.

EXAMINATION BEFORE CARDIOPULMONARY BYPASS

The goals of the transesophageal echocardiographic examination
before cardiopulmonary bypass (CPB) are to assess the mechanism,
location, and etiology of the regurgitation; to grade severity; and to
identify associated pathology such as ventricular dysfunction, pulmo-
nary hypertension, and tricuspid regurgitation (TR). For minimally
invasive MV surgery, TEE is also used for assessing the position of
cannulae used for CPB.%""%?

Assessing Valvular Morphology

Annulus. Degenerative and FMR are associated with annular dilata-
tion. The annulus should be measured at end-systole in the mideso-
phageal long-axis view with the calipers placed at the base of the
aortic valve and the hinge point of the posterior mitral leaflet.®®
Using the base of the aortic valve, rather than the hinge point of the
anterior leaflet, includes the intervalvular fibrosa and therefore over-
estimates the true annular dimension by approximately 5 mm. The
aortic valve is chosen because the hinge point of the anterior leaflet
is often difficult to assess in patients with MV disease.®®> Using this
dimension, the upper limit of normal for the mitral annulus is 35
mm, with values > 40 mm considered to indicate severe dilatation.
If not diseased, the length of the anterior mitral leaflet provides a use-
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ful guide to the appropriate annuloplasty size. The anterior mitral
leaflet length is measured from the base of the aorta to the leaflet
tip in the midesophageal long-axis view in late diastole, when the
leaflet is straight.

The finding of mitral annular calcification or mitral annular disjunc-
tion should be discussed with the surgeon, as these findings may
complicate the surgery or, in the case of mitral annular disjunction,
necessitate the reattachment of the annulus to the ventricular endo-
cardium as part of the repair procedure.'®

Leaflets. MV pathology may be classified on the basis of leaflet mo-
tion (Figure 9).°* Excessive leaflet motion (type 2) is typically due to
degenerative disease and involves leaflet flail, prolapse, or both
(Figure 10). Prolapse occurs because of excessive leaflet tissue and/
or chordal lengthening. During systole, the body of the leaflet domes
above annular plane, but the leaflet tip is directed toward the left
ventricle. Less severe prolapse, in which the leaflet tip remains in
the ventricle at end-systole, is termed “billowing.” Prolapse height
should be assessed in the midesophageal long-axis view (i.e., the
“high” axis), to avoid overdiagnosis. Leaflet flail occurs because of
chordal (or, occasionally, papillary muscle) rupture. The leaflet tip is
directed toward the left atrium, and ruptured chordae may be seen
flicking in the left atrium in late systole. Isolated prolapse and flail cause
eccentric regurgitation, with the jet directed away from the affected
side. Ruptured chordae arising from the anterolateral (P1/A1) and
posteromedial (P3/A3) segments can flick into the central part of
the valve (P2/A2) in late systole, which, with 2D imaging, can give
the false impression of P2/A2 flail. However, with 3D imaging, the
origin of the chordae is usually readily apparent. Color 3D imaging
helps localize the origin of regurgitant jets, which may not directly
match the leaflet pathology seen with 2D or 3D imaging (Figure 11).

Restricted leaflet motion is associated with rheumatic (type 3a) and
functional (types 3b and 3¢) MR. Restriction due to FMR may be sym-
metric or asymmetric (Figure 3). Asymmetric leaflet tethering (type
3¢) occurs because of lateral displacement of the posteromedial papil-
lary muscle and is associated with inferior or posterior myocardial
infarction. Posterior leaflet tethering, particularly of P3, tends to be
more marked than anterior leaflet tethering.®>®® The anterior
leaflet overrides the posterior leaflet, and the plane of coaptation
lies below the annular plane. The regurgitant jet is posteriorly
directed (i.e., toward the affected side). Symmetric leaflet tethering
(type 3b) occurs because of apical and lateral displacement of both
papillary muscles and is associated with dilated cardiomyopathy or
a large anterior myocardial infarction.®®®” There is bileaflet
tethering and a central jet of regurgitation.

Measurement of tenting area and annular dimension (Figure 3)
helps predict the likelihood of achieving a successful repair. In one
study, tenting area = 160 mm? and annular dimension = 37 mm
(midesophageal long-axis view) were strongly predictive of surgical
failure.>®

Leaflet clefts (Figure 12) or perforations (Figure 13) may be visual-
ized directly or suggested by a color jet that is displaced from the coap-
tation line. A congenital anterior leaflet cleft is associated with a
posteriorly directed regurgitant jet. Three-dimensional imaging is use-
ful for visualizing clefts and perforations that are not apparent with 2D
imaging. Three-dimensional imaging from the left ventricular aspect
may help visualize perforations that are hidden by vegetations on
the left atrial surface. In patients with severe degenerative disease,
in-folding of bulky leaflet tissue can result in color jets seemingly
occurring through the body of the leaflet, creating the false impression
of a cleft.
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Figure 7 The effect of the image plane on the size and shape of the mitral regurgitant jet. (A) In the top frame, the sector scanis at 123°
and imaging is perpendicular to the coaptation line. In the bottom frame, the sector scan has been reduced to 94°. Imaging is now
along the coaptation and results in marked broadening of the regurgitant jet. This finding suggests that the regurgitant orifice is ellip-
tical in shape. Both frames were obtained a few seconds apart in the same patient. (B) In this case, reducing the sector scan from 134°
(top) to 69° (bottom) results in the appearance of two regurgitant jets. The double jet is due to a single elliptical regurgitant orifice that is
cut twice by the scan plane (see Figure 4C). Both frames were obtained a few seconds apart in the same patient.

Assessing Severity

Numerous quantitative and qualitative methods are used for assessing
MR severity.®® Discussion here is limited to three of the most impor-
tant techniques that are applicable in the perioperative period: (1)
vena contracta width (VCW), (2) estimation of effective regurgitant
orifice area (EROA) by the flow convergence technique, and (3)
vena contracta area (VCA). VCW and the flow convergence method
are recommended in guidelines,®®”® and VCA is an important
emerging technique.

VCW. VCW is the most widely used method for assessing MR
severity in the operating room. The technique can be performed
rapidly, is relatively independent of machine settings, and provides
a reproducible, semiquantitative assessment of severity in most
patients.

The vena contracta is the narrowest part of the jet as it passes
through the valve and should be measured perpendicular to the coap-
tation line, in the midesophageal long-axis view (Figure 14). The re-
gion of interest should be optimized using the depth or zoom
function, and the Nyquist limit (NL) should be set to 40 to 70 cm/
sec. The probe should be turned to the left (counterclockwise) and

right (clockwise) to avoid missing jets in the A1/P1 and A3/P3 regions
(Figure 4D). The narrowest part (the neck) of the widest jet should be
used for analysis and the average of at least three measurements re-
ported. In some patients, a vena contracta cannot be visualized, and
even in the long-axis view, it can be difficult to be sure the image plane
is perpendicular to the coaptation line. VCW can usually be estimated
for eccentric jets, but the technique is not valid when there are mul-
tiple jets. VCW < 3 mm indicates mild MR and a value = 7 mm de-
fines severe MR; however, intermediate values (4—6 mm) are
indeterminate for distinguishing mild from severe MR °%7°

Flow Convergence. Flow convergence is the primary quantitative
echocardiographic technique for assessing MR severity and can be
rapidly performed in the operating room in most patients.

Using color Doppler imaging of the flow convergence zone on the
left ventricular side of the valve, the point at which the blood velocity
exceeds the NL is identified by color aliasing. The region of color
change is a hemisphere of constant known velocity (the NL), termed
the proximal isovelocity surface area (PISA). Assuming that the base
of the hemisphere (i.e., the undersurface of the closed mitral leaflets)
is flat, the surface area of the PISA is given by 27+%, where ris the PISA
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Figure 8 The cobra sign due to P2 flail. (A) With 2D imaging, the
prolapsing P2 segment can be seen above the A2 segment (late
systole, midesophageal commissural view). (B) With color flow
Doppler, a broad jet of MR is seen above A2 (late systole, mid-
esophageal commissural view).

radius. Flow at the PISA is equal to NL x 2% Regurgitant flow
through the orifice is the product of the peak mitral regurgitant jet ve-
locity (Vyr) and EROA, the unknown quantity. Because flow at the
PISA is the same as flow through the regurgitant orifice,

2mr? x NL

EROA =
VMR

If the base of the mitral leaflets is not flat (i.e., <180°), the top line of
the equation should be multiplied by «/180°, where « is the angle
subtended by the mitral leaflets.

Three parameters are required to calculate EROA (Figure 15): the
PISA radius, the NL at which the PISA radius is measured, and Vg,
obtained with continuous-wave Doppler. When measuring Vi, it is
important to ensure that the Doppler signal is aligned with the regur-
gitant jet to avoid underestimating peak velocity (and therefore over-
estimating EROA). Accurate measurement of the PISA radius is
essential, because this value is squared when calculating flow. A low
NL (e.g., to 40 cm/sec) provides a large PISA radius and helps reduce
measurement error. Underestimating PISA radius underestimates
EROA. The technique assumes a symmetric PISA hemisphere, which
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implies a circular regurgitant orifice. The correction factor («/180°) is
not usually necessary for degenerative MR but may be necessary with
rheumatic heart disease or severe FMR, when systolic tethering im-
parts a conical shape to the regurgitant orifice. Failure to apply a
correction factor when indicated overestimates severity. The PISA
technique is more accurate for central jets than eccentric jets.

Organic MR is considered severe when the EROA is =40 mm?
and mild when <20 mm?.°®”° Moderate MR can be subclassified
as mild to moderate (EROA of 20-29 mm?) or moderate to severe
(EROA of 30-39 mm?).

A simplified form of the flow convergence method may be used, in
which the left ventricular—to—left atrial pressure difference is assumed
to be 100 mm Hg (i.e., Vpr ~ 5 m/sec). Then, when the NL is set to
40 cm/sec, the formula for EROA simplifies to /2. In this circum-
stance, a PISA radius of 10 mm indicates an EROA of 50 mm?.
This technique yields accurate measurements for EROA for a wide
range of regurgitant severity”' but is not applicable when left ventric-
ular function is severely impaired, because ViR is typically reduced.

VCA. VCA can be measured with quantitative analysis of 3D data
sets (Figure 16) and provides a measure of the regurgitant orifice
area. VCA has a particular advantage over VCW and the flow conver-
gence method in that no assumptions are made regarding the shape
of the regurgitant orifice.

To obtain 3D data sets suitable for measuring VCA, it is essential
that the vena contracta be well visualized with standard color
Doppler imaging before acquiring the data set. Poor temporal resolu-
tion (low frame rate) is a common problem with color 3D imaging. To
maximize temporal resolution, the narrowest sector width that con-
tains the vena contracta should be used, and the data set acquired
over four to six beats. Cutoff values for regurgitant orifice area calcu-
lated by VCA have not been fully defined. However, using quantita-
tive measurement of regurgitant volume as a reference, a VCA of 41
mm? differentiates moderate from severe MR with sensitivity of 97%
and specificity of 82%.”> Compared with the flow convergence
method, VCA vyields higher values for regurgitant orifice area, partic-
ularly for patients with FMR.”*

Caveats and Considerations. Several factors must be considered
when grading MR. First, severity is greatly influenced by the hemody-
namic state, particularly for FMR. In general, MR severity is reduced
by hypovolemia, hypotension, arteriolar vasodilation, and low cardiac
output. Reduced preload and afterload associated with general anes-
thesia lead to a significant reduction in MR severity.”>”* Before
performing measurements, vasopressors and fluid should be
administered to mimic the awake state. Systolic arterial blood
pressure should increased to >140 mm Hg, unless this would be
inappropriate (e.g., during surgical manipulations of the aorta). In
patients in atrial fibrillation, in whom stroke volume varies from
beat to beat, the average of at least five measurements should be
reported.

Second, all three techniques rely on the analysis of a single frame,
which may not be representative of the entire cardiac cycle. Indeed,
for degenerative and FMR, regurgitant flow varies greatly throughout
systole.”>”® Regurgitant flow is primarily dependent on the
transmitral pressure gradient (left ventricular—left atrial pressure
difference) and EROA. With FMR, regurgitant flow and EROA are
greatest in early systole. Flow typically reduces (and may cease) in
midsystole and may be followed by a second, smaller, peak in late
systole. With degenerative disease, regurgitant flow and EROA
typically increase throughout systole, peaking in late systole
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Figure 9 Echocardiographic classification of MV pathology on the basis of leaflet motion.®* Arrows indicate the direction of the re-
gurgitant jet. With type 1 pathology, there is normal leaflet motion, and regurgitation results from leaflet perforation (1a), cleft (1b), or a
dilated annulus (1c). Type 2 refers to excessive leaflet motion and may be due to isolated flail (2a), isolated prolapse (2b), or bileaflet
prolapse/flail (2c). Type 3 refers to restricted leaflet motion. Leaflet motion may be restricted in systole and diastole (3a), such as oc-
curs with rheumatic disease, or limited to systole only, such as occurs with FMR. Systolic leaflet restriction may be further subclas-
sified as symmetric (3b) or asymmetric (3c). Type 4 refers to SAM, which may be due to hypertrophic cardiomyopathy (4a), post-MV
repair (4b), or be hemodynamic-induced (4c) (e.g., because of hypovolemia). Hybrid conditions (type 5) are also recognized; for
instance, anterior leaflet prolapse in combination with posterior leaflet restriction. AL, Anterior mitral leaflet; PL, posterior mitral leaflet;

PMP, posteromedial papillary muscle.

(Figure 17). There is no simple solution to the problem of when in the
cardiac cycle to assess severity. When MR is highly dynamic, it is not
possible to choose a representative frame. Thus, the frame demon-
strating the most severe regurgitation is usually chosen. However,
with dynamic MR, choosing the most severe frame overestimates
severity compared with quantitative estimation of regurgitant vol-
ume.””

Third, both VCW and the flow convergence method assume a cir-
cular shape of the regurgitant orifice. Although this is generally the
case for isolated leaflet prolapse or flail, it is not the case for FMR
and for complex degenerative disease. In particular, with FMR, the

jet is typically elliptical or slitlike, in which case VCW and the flow
convergence method underestimate severity. By contrast, VCA
does not underestimate severity for elliptical jets, and the technique
is particularly useful for assessing FMR.”>”%7? Because several
individual VCAs can be summed, the technique is also valid when
there are multiple jets.*°

Considerations for FMR

On the basis of the foregoing discussion, it should be clear that FMR
presents particular challenges to the perioperative echocardiographer.
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Figure 10 Spectrum of degenerative MV disease. (A) Isolated P2 flail. The flail segment is easily seen with 2D (midesophageal long-
axis view) and 3D imaging. Additionally, in the 3D view, torn chordae (arrow) are identified. (B) Isolated P2 prolapse. With 2D imaging
(midesophageal five-chamber view), the body of P2 domes above the annular plane at end-systole. (Normally, leaflets lie at or below
the annular plane at end-systole). With 3D imaging, prolapse of the entire P2 segment is shown. (C) Complex prolapse/flail. Myxo-
matous change involving both leaflets is apparent with 2D imaging (midesophageal four-chamber view). With 3D imaging, predom-

inant involvement of P2 is identified.

Quantification is difficult as severity is highly load dependent, regur-
gitant flow varies greatly throughout systole, and the regurgitant
orifice is usually elliptical or slitlike. Additionally, for patients with
FMR, an EROA > 20 mm? is an independent predictor of cardiac
death,®° and therefore EROA values > 20 mm? are used for defining
severe FMR.°*’° This finding may be partly technical, as a
consequence of underestimating the severity of FMR using the flow
convergence technique.®°

Despite these problems, intraoperative quantification of FMR may
be crucially important. In most circumstances, patients with FMR are
scheduled for coronary artery bypass graft surgery, and MR may have
been inadequately defined preoperatively or have changed since the
preoperative assessment, particularly if postinfarction remodeling has
occurred. Guidelines recommend that for patients undergoing coro-
nary artery bypass graft surgery (with LVEF>300%), MV valve surgery
be performed when MR is severe and be considered when MR is
moderate.”® Although guidelines recommend reducing the threshold
for defining severe MR for the flow convergence method, no reduc-
tion is suggested for VCW,”7% despite the potential for
underestimating severity with VCW also. VCA avoids the problem
of underestimating regurgitant orifice area, but there are no FMR-

specific thresholds recommended for this technique. Furthermore,
for patients with severe leaflet tethering, MV repair has a high failure
rate, and MV replacement may be a better technique. Thus, there is
uncertainty both in quantifying moderate or severe FMR and then,
once defined, deciding on the appropriate treatment.

When assessing FMR, careful assessment under “awake” loading
conditions using more than one technique is appropriate. When
possible, VCA should be measured. In general, FMR that is thought
to be moderate or worse should be treated with an annuloplasty
band. However, severe MR with marked leaflet tethering and annular
dilatation may be better treated with MV replacement.

Left and Right Heart Function

MR imposes a volume load on the left ventricle, which leads to atrial
and ventricular dilatation and elevated end-diastolic pressure. Initially,
end-diastolic dimension increases but end-systolic dimension is main-
tained, resulting in increased LVEF and fractional area change.
Increased end-systolic dimension (>35-40 mm) is indicative of
impaired left ventricular systolic function and initially occurs despite
“normal” values of LVEF and fractional area change.”®> End-systolic
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Figure 11 Three-dimensional imaging in a patient with complex
degenerative MV disease. (A) On standard 3D imaging, two re-
gions of prolapse/flail (arrows) can be seen involving the poste-
rior leaflet. (B) With color 3D imaging, the site of regurgitation is
identified as involving only A1/P1 segments.

and end-diastolic areas and fractional area change are conveniently
measured in the transgastric mid-short-axis view.

Increased left atrial pressure leads to pulmonary hypertension.
Initially, pulmonary hypertension is due to passive back pressure
from the left atrium and is therefore mild. However, overtime, pulmo-
nary hypertension may become severe because of microvascular
changes in the pulmonary circulation leading to increased pulmonary
vascular resistance (PVR). Elevated PVR causes right ventricular pres-
sure overload, which can lead to right ventricular failure and func-
tional TR. The right ventricle is best assessed in a modified
midesophageal four-chamber view, with the image centered on the
right heart. Signs of right ventricular pressure overload include ventric-
ular hypertrophy and dilatation, increased muscular trabeculations,
impaired systolic function, and an elevated maximal TR jet velocity
(>3 m/sec). The absence of elevated maximal TR jet velocity in the
presence of severe TR suggests intrinsic tricuspid valve disease (e.g.,
endocarditis or rheumatic heart disease). However, the absence of
high TR velocity can also occur when TR is torrential, because of
the nonrestrictive regurgitant orifice being too large to create a right
atrial-to—right ventricular gradient (the “single-chamber” effect).

A standard approach to measuring the tricuspid annular dimension
with TEE has not been established. Using transthoracic echocardio-
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Figure 12 Mitral clefts. (A) Anterior leaflet cleft (arrow) involving
A2/A3. (B) Posterior leaflet cleft involving P1/P2. The cleft is in
the region of the scallop that normally separates P1 and P2
and therefore may be considered a “deep scallop.”

graphic criteria, the upper limit of normal for the tricuspid annulus
is 33 mm measured in an apical four-chamber view in late diastole,
with values > 40 mm indicative of significant dilatation.®””° With
TEE, similar cutoff values may be used from the midesophageal
four-chamber view with the image centered on the right heart and cal-
ipers placed on the hinge points of the leaflets. (In contrast to the
mitral annulus, which is measured at end-systole,®> the tricuspid
annulus is typically measured in late diastole.)

TR should be assessed in multiple views, as it may not be apparent
in one view but obvious in another. VCW > 7 mm (four-chamber
view) and PISA radius > 9 mm at an NL of 28 cm/sec are indicative
of severe TR.6%7°

There is debate as to the appropriate intervention for functional
TR, but in general, a tricuspid annuloplasty should be placed at the
time of MV surgery in patients with severe TR or moderate TR
with a dilated annulus >40 mm).®%”°

EXAMINATION AFTER CARDIOPULMONARY BYPASS

After separation from CPB, the focus of the transesophageal echocar-
diographic examination is to determine the mechanism and severity
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Figure 13 Mitral endocarditis. (A) A large vegetation (arrow) can
be seen in the region of A3. The MV is shown in the surgical
orientation. (B) The 3D data set has been flipped over to display
the MV from the left ventricular aspect. A perforation (arrow) can
be seen in the A3 segment, which was hidden by the vegetation
in the top image.
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Figure 14 Measurement of VCW. The vena contracta is identi-
fied at the level of the mitral orifice in late systole in the mideso-
phageal long-axis view. A large proximal flow convergence zone
is seen on the left ventricular side of the valve, and a broad re-
gurgitant jet is present in the left atrium.
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Figure 15 Measurement of the EROA by the flow convergence
method. (A) Color Doppler imaging demonstrating a flow
convergence zone on the left ventricular side of the valve in
late systole (midesophageal long-axis view). The PISA radius
is measured from the tip of the mitral leaflets in late systole to
the point of first aliasing. (B) Continuous-wave Doppler imaging
through the mitral leaflets demonstrating the peak regurgitant
velocity of the regurgitant jet (midesophageal long-axis view).
In this example, the PISA radius is 7 mm, the NL is 72.8 cm/
sec, and VR is 6.12 m/sec, yielding an EROA of 37 mm? (i.e.,
moderate to severe MR).

of any residual MR, to exclude clinically significant mitral stenosis or
SAM, and to assess ventricular function.

The primary goal of any repair technique is to restore an adequate
coaptation surface. A durable repair is associated with a coaptation
height > 8 mm.®' An annuloplasty band should be placed in all pa-
tients to increase coaptation height, correct annular dilatation, and
prevent further dilatation.®"®? Leaflet motion, coaptation height,
and correct seating of the annuloplasty band should be assessed in
the midesophageal long-axis view, with measurements made at
end-systole. Even in the absence of any residual MR, reduced coapta-
tion height and residual prolapse or tethering should be discussed
with the surgeon.

Repair-Specific Echocardiographic Appearances

Annuloplasty rings may be complete or partial, the latter being defi-
cient anteriorly in the region of the intervalvular fibrosa. The annulo-
plasty band is usually easily visualized with echocardiography.
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Figure 16 Measurement of VCA with quantitative 3D imaging. The 3D data set is displayed in three simultaneous, adjustable, orthog-
onal 2D planes (coronal, sagittal, and transverse, or x, y, and z). The x and y planes (A and B, respectively) are aligned to the long axis
of the regurgitant jet. The z plane (C,D) is adjusted to ensure that it is perpendicular to the jet and then moved along the jet direction
until it passes through the smallest jet area, which is the vena contracta. VCA is then measured by planimetry (labeled A1 in C and D),

which in this example is 80 mm?, indicating severe regurgitation.

The classic repair technique for degenerative disease of the poste-
rior leaflet is to resect prolapsing or flail segments and their associated
chordae (Figure 18A). For limited prolapse or flail, a simple triangular
resection is performed. For more extensive leaflet prolapse or flail, a
quadrangular resection and annular plication are required. With pos-
terior leaflet resection, echo dropout from the annuloplasty ring
makes visualizing the residual posterior leaflet difficult, creating the
appearance of a unicuspid valve.

An alternative approach to leaflet resection, which may be used for
both anterior and posterior leaflet repairs, is to replace ruptured or
elongated chordae with polytetrafluoroethylene neochordae

(Figure 18B).5"% Typically, the goal is to return the plane of
coaptation to the level of the mitral annulus. However, when there
is bulky or excess tissue, shortened neochordae may be used to
displace the prolapsing or flail segment(s) into the left ventricle.
With this approach, the plane of coaptation may lie below the
annular plane. Neochordae are more echogenic than native chordae.

Residual Regurgitation

Assessment of residual MR (Figure 19) should be performed once the
left ventricle has recovered from the effects of CPB and once
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Figure 17 Increase in the radius of the PISA with color flow Doppler imaging from early to late systole in a patient with severe MR due
to leaflet prolapse/flail. The increase in PISA radius (arrow) is reflective of increasing regurgitant orifice area. See text for details.
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Figure 18 Typical echocardiographic appearances after MV repair. (A) Appearances after quadrangular resection for P2 prolapse
(late systole, midesophageal long axis view). With 2D imaging (left frame), a short bulky posterior leaflet is seen, and there is an
apparent systolic coaptation defect. The bulky appearance is due to the annuloplasty band, and the apparent coaptation defect is
due to echocardiographic dropout from the annuloplasty band, obscuring the coaptation point. Thus, coaptation height cannot be
assessed. In this case, a partial annuloplasty band has been used. No MR is evident with color Doppler imaging (right), despite
the apparent coaptation defect (due to echocardiographic dropout). (B) Appearances after placement of neochordae for P2 flail
(late systole, midesophageal long-axis view). With 2D imaging (left), the posterior leaflet is well seen, and the coaptation height is obvi-
ously satisfactory. The annuloplasty ring is well seen posteriorly and anteriorly. With color Doppler imaging (right), a trivial amount of
MR is seen.

appropriate inotropic, vasopressor, and fluid therapy has been adminis- convergence is often less useful for defining residual MR, as the PISA
tered. VCW is the most useful technique for rapidly quantifying the is not well formed or is too small to measure when MR is mild.
severity of residual regurgitation, and 3D (with and without color Residual regurgitation that is more than mild is an indication to

Doppler) imaging is useful for identifying the anatomic location. Flow revise the repair or replace the valve because of an increased need



Journal of the American Society of Echocardiography
Volume 27 Number 4

'BATT: 37.00
TEET: 39.7C

Ariye
TEE T: 39.5C

Sidebotham et al 361

4
PAT T: 37.0
TEET 3926

AT 370c T
TEE T 39,66

37.0c
{TEE T:38.4C

Figure 19 Residual MR due to uncorrected leaflet prolapse. The operative procedure consisted of a triangular resection of P2 and
placement of an annuloplasty ring. (A,B) There is minimal leaflet coaptation, and a jet of MR can be seen (late systole, midesophageal
long-axis view). (C,D) There is residual leaflet prolapse (arrow), associated with a small regurgitant jet, which can be localized to P1/A1
(late systole, midesophageal commissural view). (E,F) On 3D imaging, residual prolapse (arrow) can be seen in the P1 region. On color
3D imaging, the residual regurgitation is clearly localized to the P1/A1 region (late systole, 3D en face view, surgical orientation).

for reoperation.zz'gz"85 However, few studies have examined the
consequences of untreated mild residual MR. Meyer et al.®* found
that more than trivial MR was an independent risk factor for reopera-
tion but did not distinguish mild from moderate regurgitation. Despite
limited data, the goal at most experienced centers is to achieve nil or
trivial residual regurgitation. The decision to revise a repair for mild
MR must be individualized taking into consideration the likelihood
of improving the repair, the risks of a second CPB run, and the poten-
tial risk for subsequent reoperation.

Although the distinction between trivial and mild MR is usually
straightforward, differentiating mild from moderate MR can be diffi-
cult. VCW may vary depending on the image plane and the point in
the cardiac cycle, straddling the cutoff (3 mm) between mild and
moderate regurgitation. Carefully turning the probe left and right
in the midesophageal long-axis view ensures that the entire coapta-
tion line is imaged. It is not uncommon to see a brief jet of regurgi-
tation that is present only in early systole and does not extend far
into the left atrium. Such jets frequently disappear after a few mi-
nutes. In difficult cases, it is appropriate to wait for up to 30 min af-
ter separation from CPB before making a final decision on revision,
as we have observed significant and sustained reductions in residual

MR during this period, presumably related to recovery of left ven-
tricular function.

Common causes for residual MR are uncorrected prolapse
(Figure 19), excessive leaflet tension causing separation of the poste-
rior scallops,®® inadequate coaptation height, persistent leaflet teth-
ering, uncorrected clefts or perforations, leaflet perforation from the
annuloplasty band, and SAM. Turbulent jets occurring outside the an-
nuloplasty band indicate leaflet perforation; such jets, even if trivial,
should be corrected as they may progress or cause hemolysis.

Mitral Stenosis

Clinically significant stenosis is rare but is occasionally seen when a small
annuloplasty ring has been placed and extensive commissural plication
has been performed. The MV should be assessed with 2D and color
Doppler imaging, looking for restricted diastolic leaflet excursion and
a flow convergence zone on the left atrial side of the valve during dias-
tole. Transvalvular pressure gradients should be measured with
continuous-wave Doppler. However, assessment of postrepair mitral
stenosis is complicated by the fact that diastolic pressure gradients are
typically higher in the early postoperative period than at subsequent
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(C) Long anterior leaflet

Figure 20 Schematic demonstrating the mechanisms of SAM. (A) Prerepair echocardiographic measurements that are predictive of
SAM are indicated. When measuring the ratio of anterior leaflet (AL) to posterior leaflet (PL) length, the leaflets should be measured
along the annular plane at end-systole. See text for details. (B) Effect of a long PL. A long PL, in combination with an undersized an-
nuloplasty ring, displaces the coaptation line anteriorly and pushes the anterior mitral leaflet into the LVOT. This is the classical mech-
anism for postrepair SAM. The shaded pink area represents systolic blood flow into the LVOT. (C) Effect of a long AL. A long AL, in
combination with an undersized annuloplasty ring, can also result in the AL’s being exposed to the LVOT, with resultant SAM. Image
modified from Kahn RA, Mittnacht AJ, Anyanwu AC. Systolic anterior motion as a result of relative “undersizing” of the mitral valve
annulus in a patient with Barlow’s disease. Anesth Analg 2009:108:1102-1104. C-sept, Shortest distance from the coaptation point to

the anterior ventricular septum at end-systole.

follow-up because of the hyperdynamic circulation after CPB. The
transvalvular pressure gradient is also exacerbated by tachycardia.
Mean diastolic gradients of 3 to 5 mm Hg are not uncommon in the
early postrepair period. There are few data to guide decision making;
however, in one study of 552 patients undergoing MV repair, a mean
diastolic pressure gradient of 7 mm Hg and a peak gradient = 17
mm Hg reliably identified the need for reoperation.®”

SAM

SAM is the movement of the anterior mitral leaflet into the LVOT dur-
ing systole, resulting in LVOT obstruction and MR. The clinical mani-
festation of SAM is highly variable, ranging from entrainment of only
the tip of the anterior mitral leaflet in late systole with no MR to intrac-
table LVOT obstruction and severe MR. This clinical variability may
partly explain the wide range in reported incidence of between 1%
and 16%.%8

The mechanism of postrepair SAM is complex and involves
anatomic and hemodynamic factors. However, fundamentally,
SAM is explained by the presence of excess leaflet tissue relative to
annular size. Blood flowing through the LVOT in systole creates
drag forces on the mitral leaflets. Excessive leaflet tissue predisposes
to SAM by creating a larger surface area on which drag forces act.5®
Both excessive anterior®””? and posterior”’ leaflet tissue predispose
to SAM (Figure 20); however, a long posterior relative to anterior
leaflet length, in which the coaptation line is displaced anteriorly
into the LVOT, is a particular risk factor. On the prerepair transesopha-
geal echocardiographic examination, the risk for SAM is increased
with an anterior-to-posterior leaflet length ratio < 1.3 and a distance
from the coaptation point to the septum < 25 mm (Figure 20).°
Other anatomic risk factors are a nonenlarged annulus, hypertrophy
of the basal anterior ventricular septum, and a small left ventricle.®®
Hypovolemia, increased left ventricular contractility, and low left ven-
tricular afterload also predispose to SAM by increasing the blood ve-
locity within and reducing the diameter of the LVOT.

For patients at increased risk for SAM, several surgical strategies
may be used. Avoiding undersizing of the annuloplasty ring is very

important in patients with excess leaflet tissue. If the anterior leaflet
is very bulky, an elliptical excision of the body of the anterior leaflet
may be performed”>°* and the annuloplasty sized according to the
new anterior leaflet length. For excess posterior leaflet tissue, a
sliding valvuloplasty may be performed, in which, in addition to a
triangular resection, a strip of tissue along the posterior mitral
annulus is resected to reduce the length of the posterior leaflet.””
Displacing bulky posterior leaflet tissue into the left ventricle with
shortened neochordae helps minimize SAM by moving the coapta-
tion point posteriorly, away from the LVOT.

SAM is best seen in the midesophageal long-axis view and has a
characteristic appearance on 2D, color Doppler, and continuous-
wave Doppler imaging (Figure 21). The appropriate intervention for
SAM depends on its severity and response to medical therapy.
SAM that is associated with a normal LVOT velocity (<2 m/sec)
and minimal MR can be ignored. In the first instance, more severe
forms of SAM should be treated with volume loading, vasoconstric-
tors, and cessation of inotropes. If, despite these measures, the
LVQOT velocity remains >3.5 m/sec and MR remains mild or greater,
the repair should be revised.”® However, surgical revision is only
rarely required. In one series of 608 patients undergoing mitral
repair, of the 60 patients who developed SAM, only four required
reoperation.”’

Left and Right Heart Function

Correction of severe MR increases left ventricular afterload and may
unmask or exacerbate left ventricular systolic dysfunction. Thus, left
ventricular dysfunction is common during the early postoperative
period. Injury to the circumflex coronary artery, which lies adjacent
to the anterolateral annulus (Figure 2), is a rare but important compli-
cation.”® Circumflex artery injury can arise from a misplaced annulo-
plasty suture or distortion from the ring itself. Segmental wall motion
abnormalities involving the basal and mid inferolateral walls of the left
ventricle are likely to be present.

Right ventricular impairment may arise from several mechanisms,
including gas embolus to the right coronary artery, poor myocardial
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Figure 21 Characteristic appearances of SAM after MV repair. (A)
With 2D imaging, there is characteristic bending of the anterior
mitral leaflet (arrow) into the LVOT (late systole, midesophageal
long-axis view). (B) With color flow Doppler imaging, there is
marked turbulence in the LVOT, and a broad jet of MR is seen
(late systole, midesophageal long-axis view). Although not obvious
in this view, the regurgitant jet is usually posteriorly directed. (C) On
continuous-wave (CW) Doppler imaging, a narrow, high-velocity
(5.4 m/sec) regurgitant jet is seen, characteristic of SAM (late sys-
tole, midesophageal five-chamber view). Although not apparent in
this view, the regurgitant jet is typically late peaking (i.e., maximal in
late systole). Note that because the regurgitant jet is shown in the
midesophageal five-chamber view, the CW signal is shown above
the baseline (i.e., toward the transducer).
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protection, and acute or chronic elevations in PVR. Gas embolus is a
particular concern during minimally invasive MV repair when de-
airing of the heart is more difficult than with open procedures.
Functional TR may develop or worsen because of impaired right ven-
tricular systolic function, elevated PVR, and failed tricuspid valve
repair.

CONCLUSIONS

Surgical repair of MR, particularly for degenerative disease, is both
effective and durable. Recent developments in surgical technique,
notably the increased use of complex bileaflet repairs and the
growth of minimally invasive approaches, have increased surgical
reliance on TEE and placed additional demands on perioperative
echocardiographers. A thorough understanding of the function of
normal and abnormal MVs, along with an appreciation of the ben-
efits and limitations of different echocardiographic views and imag-
ing techniques, is essential for good patient care. Despite the
challenges, expert transesophageal echocardiographic imaging dur-
ing MV repair facilitates good surgery, improves patient outcomes,
and is highly rewarding.
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