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Background and aim of the study: Segmental analysis
of diseased mitral valves is important to predict a
successful surgical valve repair. An assessment was
made of the comparative accuracy of intraoperative
three-dimensional (3D) and two-dimensional (2D)
transesophageal echocardiography (TEE) in the
evaluation of mitral valve lesions when compared
with intraoperative surgical segmental analysis.

Methods: A total of 42 consecutive patients (12
females, 30 males; mean age 70.5 + 14 years) with
severe mitral valve regurgitation due to degenerative
disease and who underwent mitral valve repair was
enrolled in the study. Complete 2D- and 3D-TEE were
performed before surgery. The findings obtained
using the different echocardiographic techniques
were compared with intraoperative segmental
analysis performed by a single operator who was
blinded to the 2D- and 3D-TEE findings until the end
of the inspection. The sensitivity and specificity of

Mitral valve repair has become preferential to
replacement, and is now used in the overwhelming
majority of patients with mitral valve prolapse (1).
The procedure is associated with a low mortality, and
is highly durable when performed by experienced
surgeons. The reported operative mortality is
estimated at 1.4% for valve repair compared to
3.8% for valve replacement (2). Recent guidelines
have underlined the importance of early surgical
intervention to preserve long-term left ventricular
function in severe mitral regurgitation (3,4). In
this regard, a preoperative assessment of mitral
valve anatomy is essential to define the feasibility
and complexity of a repair (5). Transesophageal
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echocardiographic evaluations of involved scallops
were compared with surgical inspection.

Results: 3D-TEE allowed an accurate identification
of all mitral lesions. Thirty-three patients had simple
lesions at 3D-TEE and underwent a simple surgical
procedure, while nine patients had complex lesions;
in these latter cases complex surgical procedures
were performed. 3D-TEE showed more sensitivity
than 2D-TEE in the analysis of the anterior leaflet (A),
in particular for A3 lesion (100% versus 25%, p <0.001)
and for complex lesion (100% versus 33.3%, p <0.009).
Conclusion: 3D-TEE allowed a more accurate
identification of mitral valve lesions compared with
2D-TEE. The greatest accuracy was achieved for
analysis of the anterior leaflet. 3D-TEE should be
regarded as an important adjunct to standard 2D-TEE
in decisions regarding mitral valve repair.
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echocardiography (TEE) affords high-quality, real-
time assessments of mitral valve structure and
function, and is uniquely suited to intraoperative use
(6,7). Consequently, TEE is considered an essential
tool during mitral valve surgery. Three-dimensional
(3D) echocardiography is a new emerging technique
that allows a very precise localization of mitral valve
lesions (8-11). The aim of the present study was to
assess the comparative accuracies of intraoperative
3D and two-dimensional (2D) TEE for the evaluation
of mitral valve lesions.

Clinical material and methods

Patient population

Forty-two consecutive patients (12 females, 30
males; mean age 70.5 = 14 years) with severe mitral
valve regurgitation due to degenerative disease (31
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cases of fibro-elastic deficiency, 11 cases of Barlow
disease) were enrolled in the study. All patients were
suitable for mitral valve repair (Table I).

Study protocol

Complete 2D- and 3D-TEE were each performed
before surgery. The findings obtained when using
the different echocardiographic techniques were
separately recorded by two cardiologists and
compared with intraoperative segmental analysis
performed by a single operator who was blinded
to the 2D- and 3D-TEE findings until the end of
his inspection.

Informed consent to participate was obtained from
each patient, and the study protocol conformed to the
ethical guidelines of the 1975 Declaration of Helsinki
as reflected in a priori approval by the institution’s
human research committee.

2D- and 3D-TEE

2D-TEE was performed in all patients
intraoperatively after the induction of anesthesia.
A 5 MHz multi-plane probe (TEE X7-2t) and a
Ie33 Philips Echocardiography Medical System
was utilized. Real-time 3D-TEE was performed on
completion of the 2D examination. Multiplane 2D
and 3D evaluations included a complete standard
protocol for evaluation of the mitral valve, allowing
a complete description of all segments of the valve.
Carpentier’'s nomenclature (12,13) was applied to
the mitral valve leaflets. Each scallop of the posterior
leaflet was defined through the indentations (or cleft
when present) which anatomically divided its lateral
(P1), central (P2), and medial (P3) sections. The
anterior leaflet scallops facing the posterior scallops
were classified as A1, A2, and A3. The anterolateral
(AL) and posteromedial (PM) commissures were
also evaluated.

All segments were classified as normal, prolapsing
(>2 mm beyond the annulus plane in 2D-TEE and
a bright convexity of bulge in 3D), and flail. The
presence of ruptured chordae was also annotated.
The 3D acquisition and reconstruction times were
measured in each patient. Color-3D analysis was
used. Prolapse lesions were defined as either simple
or complex. Simple anatomic lesions included isolated
P2 prolapse or P2 associated with P1 or P3. All other
lesions, including those involving the entire posterior
leaflet, lesion or anterior leaflet, bi-leaflet prolapsed,
and commissural lesions were defined as complex.
This definition was based on published data, which
suggested that simple lesions are generally treated
surgically with simple techniques, while lesions
defined as complex may require a more complex
procedural approach (14-16).
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Table 1. Demographic and clinical characteristics

of 42 patients
BMI: Variable Value
Body
Age (years)’ 70.5+ 14
Weight (kg)* 69.5+12.7
end-left | Height (cm)* 163+9.5
BMI (kg/m?)* 26.1+4.2
BSA (m?%)’ 1.7+0.2
Creatinine (mg/dl)* 0.9+0.2
Ejection fraction (%)" |55+ 10
LVESV (ml)* 45+7
LVEDV (ml)’ 110 + 45
No. of patients (%)
Male gender 30 (71)
Female gender 12 (29)
NYHA class
I-1I 4 (10)
aI-1v 38 (90)
Smoker
Ex-smoker 8 (19)
Yes 7 (16)
No 27 (65)
Hypertension 25 (60)
Diabetes 4(10)
Renal failure 2 (5)
COPD 1(2)
Atrial fibrillation 4 (10)
Pulmonary 25 (60)
hypertension
Degenerative mitral
valve disease 31 (74)
Fibroelastic deficiency | 11 (26)

Barlow disease

*Values are mean + SD.
BMI: Body mass index; BSA: Body surface area; COPD:
Chronic obstructive pulmonary disease;

LVEDV: Left ventricular end-diastolic volume; LVESV: Left
ventricular end-systolic volume.

Imaging analysis and intra- and

inter-observer variability
All 3D-TEE images were analyzed by two experts

in 3D echocardiography, who were blinded to the
surgical findings. 3D-TEE images were analyzed in
a random sequence. The quality of the 3D images,
judged on the basis of the resolution of mitral valve
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Figure 1: Posterior leaflet analysis. Example of a patient with a P2 prolapse in whom 2D-TEE (A) allowed a good
identification of the lesions in comparison to 3D-TEE (B) and surgical inspection (C).

anatomy and on the presence or absence of artifacts
throughout the cardiac cycle, was rated as optimal,
good, sufficient, or insufficient.

Surgical inspection and validation

The surgeon described the anatomy of the valve using
the same Carpentier’s classification, and was aware of
the 2D-transthoracic echocardiography finding, but
not of the 2D-and 3D-TEE analyses.

Surgical techniques

The surgical techniques utilized to repair the mitral
valve in the present series included the following:
quadrangular resection of the posterior leaflet (50%);
triangular resection of the anterior leaflet (7%);
replacement of chordae tendineae with Gore-Tex neo-
chordae (21%); transfer of chordae tendineae (14%);
and annuloplasty (14%) (Table II).

Statistical analysis

The sensitivity and specificity of echocardiographic
evaluation of the involved scallops (or chordal rupture)
was calculated, with surgical findings as a reference.
The sensitivity and specificity of the two diagnostic
tests were compared using an exact McNemar’s test
because paired data were available. Predictive positive
values were compared using a weighted generalized
score statistic (17). A p-value <0.05 was considered to
be statistically significant. R software (version 3.2.4)
was used for the data analysis.

Results

Three-dimensional TEE was performed in all
patients. The mean (+ SD) time to obtain 3D-TEE
images was 5 + 3 min, and the quality of 3D-TEE
was good in 67% of cases, optimal in 21%, and
suboptimal in 12%. The major reasons for insufficient
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quality were suboptimal echocardiograph windows,
minimal patient movements, respiration, and cardiac
arrhythmia. However, anatomic visualization of the
mitral valve during the end-systolic frame allowed
diagnostic information also in cases with suboptimal
quality, and therefore all patients were included in
the study. The sensitivity of 3D-TEE was higher in the
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case of optimal images than in suboptimal images and
arrhythmic patients.

On surgical inspection, 12 patients had isolated P2
lesions (28%), six had isolated A2 lesions (14%), three
had isolated A3 lesions (7%), while the others had more
complex pathologies. Chordal rupture was present in
24 cases (57%).

Table 1I: Surgical technique for mitral valve repair.

Surgical technique Percentage
Quadrangular resection of posterior leaflet 50%
Triangular resection of the anterior leaflet 7%
Replacement of chordae tendineae with Gore-Tex neo-chordae 21%
Transfer of chordae tendineae 14%
Annuloplasty 14%

Battit 3D 4G

Fiqure 2: Anterior leaflet analysis. Example of a patient in whom 2D-TEE (A) showed A2 prolapse and chordal rupture,
whereas 3D-TEE (B) showed A1 prolapse and chordal rupture in A1 and A2, confirmed at surgical inspection (C).
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Table III: Detection of the pathology with transesophageal (TEE) two-dimensional (2D)
and three-dimensional (3D) echocardiography.
3D-TEE 2D-TEE p-value | 3D-TEE 2D-TEE p-value | 3D-TEE |2D-TEE | p-value
sensitivity | sensitivity specificity | specificity PPV PPV
Posterior
leaflet
P1 100 100 1 92,3 92,3 1 50 50 1
P2 100 100 1 71.4 71.4 1 77.8 77.8 1
P3 100 66.7 0.206 90.9 90.9 1 75 66.7 0.146
Posterior 100 50 0.182 83.3 83.3 1 50 33.3 1
scallops >1
Anterior
leaflet
Al 100 50 0.182 91.7 83.3 0.347 66.7 33.3 1
A2 100 85.7 0.232 71.4 71.4 1 77.8 75 0.006
A3 100 25 <0.001 90 90 1 80 50 0.035
Anterior 100 33.3 0.009 81.8 81.8 1 60 33.3 0.607
scallops >1
Chordal 100 87.5 0.234 100 100 1 100 100 1
rupture

PPV: Positive predictive value.
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Figure 3: Comparison between 2D-TEE, 3D-TEE and surgical inspection in analysis of the posterior and anterior leaflets.
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Sensitivity, specificity and positive predictive
values of the 3D- and 2D-TEE methods for each of the
segmental lesions and for chordal rupture are listed in
Table III. For analysis of the posterior leaflet, 2D- and
3D-TEE had similar sensitivities and specificities (Fig. 1).
However, 3D-TEE showed a slightly higher sensitivity
than 2D-TEE in P3 analysis (100% versus 66.7%, p=0.2).
For analysis of the anterior leaflet, 3D-TEE showed a
significantly higher sensitivity compared with 2D-TEE
(Fig. 2), in particular for the lesions localized in A3
(sensitivity 100% versus 25%, p =0.001) and in complex
lesions (sensitivity 100% versus 33.3%, p = 0.009). In
addition, the positive predictive value of 3D-TEE was
significantly higher than for 2D-TEE in the analysis of
A2 (77.8% versus 25%, p = 0.06) and A3 lesions (80%
versus 50%, p = 0.035). Finally, according to the present
results, 3D-TEE had a slightly higher sensitivity than
2D-TEE in the chordal rupture analysis (100% versus
87.5%, p=0.23).

Quadrangular resection, either as an isolated
procedure or in combination with other techniques,
was the most common intervention. Twenty-one
patients (50%) had simple lesions. In these cases, simple
techniques were utilized in 98% of patients, while only
in two cases a complex procedure was performed.
No patients in this group underwent mitral valve
replacement. The other 21 patients (50%) had 3D-TEE
lesions classified as complex; in these latter cases
surgeons performed a complex procedure in 14 patients
(66%), a simple procedure in five patients (22%), and
in two patients (12%) mitral valve replacement was
necessary after the first repair attempt.

Early and late outcomes and echocardiographic
evaluation of the study population are listed in Tables
IV and Table V. The mean duration of follow up was 18
+ 6 months.

Discussion

Degenerative mitral valve disease encompasses
a range of pathology, including annular dilatation,
chordal stretching or rupture, leaflet thickening and
redundancy, and calcification of the leaflets and
chordae (18). Two forms of degenerative disease are
recognized, namely fibroelastic deficiency (FED) and
Barlow disease (19).

Although FED and Barlow disease are separate
clinical entities, they represent two ends of a disease
spectrum. The successful repair of degenerative
mitral valve disease is possible in the majority of
patients, particularly when disease is limited to the
posterior leaflet. Anterior and bileaflet repair are
more challenging and are associated with a lower
rate of success and a higher need for reoperation (20).
However, success for all types of repair is increasing
with, in recent series, success rates approaching 100%
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Table 1V: Early postoperative outcomes after mitral

valve repair.

Early postoperative outcome Value
Days in intensive care unit’ 27+18
Days in hospital’ 75+18
Creatinine (mg/dl)’ 0.8+0.2
Arrhythmias (n) 8 (19)
Pulmonary failure (n) 0 (0.000)
Renal failure (n) 0 (0.000)
Cerebrovascular complications (n) 1(2.3)
Cardiac failure (n) 0 (0.000)
Thromboembolism (n) 0 (0.000)

Infections (n) 0 (0.000)

Echocardiographic variable at discharge
Ejection fraction (%)" 55.5+ 7.4
Left atrial diameter (mm)* 295+7
LVEDD (mm)’ 48.7 £ 6.1
LVEDV (ml)’ 88.7 £24.7
LVESD (mm)’ 35.5+6.6
LVESV (ml)* 39+49
SPAP (mmHg)’ 25+7.6
Mitral regurgitation (n)

None 36 (86)
Faint 4 (10)
Moderate 2 (4)
Severe 0(0)
Tricuspid regurgitation (n)
None 25 (60)
Faint 15 (36)
Moderate 2 (4)
Severe 0 (0)
Pulmonary hypertension (mmHg)’ 8+19

*Values are mean + SD.

Values in parentheses are percentages.

LVEDD: Left ventricular end-diastolic diameter; LVEDV: Left
ventricular end-diastolic volume; LVESD: Left ventricular
end-systolic diameter; LVESV: Left ventricular end-systolic
volume; SPAP: Systolic pulmonary artery pressure.

being reported for isolated posterior leaflet repairs
(21,22). For complex anterior and bi-leaflet repair,
success rates of more than 90% have been reported at
high-volume centers (23,24).

Inthisregard, anon-invasive preoperative assessment
of mitral valve anatomy is essential to define the
feasibility and complexity of repair. TEE affords high-
quality, real-time assessment of mitral valve structure
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Table V: Late postoperative outcomes and

echocardiographic variables.

Variable Value
Late postoperative outcomes
Pulmonary failure (n) 3(7)
Renal failure (n) 0(0)
Cerebrovascular complications (n) 2(5)
Cardiac failure (n) 1(2)
Thromboembolism (n) 0(0)
Infections (n) 0(0)
Mortality (n) 0(0)
Echocardiographic variable
Cardiac rate (bpm)* 748 +12.8
Systolic pressure (mmHg)’ 130+ 16.9
Diastolic pressure (mmHg)’ 69 +9.5
Mean pressure (mmHg)* 82+9.5
Ejection fraction (%) 56.1+9.1
Left atrial diameter (mm)”* 28.0+11.1
LVEDD (mm)"* 51.3+6.3
LVEDV (ml)* 923+21.9
LVESD (mm)* 40.6+7.1
LVESV (ml)* 42.8+16.0
TAPSE (m)* 182+23
Tricuspid annulus diameter (mm)"* 295+74
SPAP (mmHg)" 25+6.1
Interventricular septum thickness (mm)”* 9.6 1.7
Posterior ventricular wall thickness (mm)” |10+ 1.8
Diastolic dysfunction (n) 30(72)
None 12 (28)
I grade 0(0)
II grade 0(0)
III grade
Mitral regurgitation (n)
None 32 (76)
I grade 8(19)
II grade 2(5)
III grade 0 (0)
Tricuspid regurgitation (n)
None 25 (60)
Faint 15 (36)
Moderate 2(4)
Severe 0
Pulmonary hypertension (mmHg)* 8+ 19

*Values are mean + SD.
Values in parentheses are percentages.

TAPSE: Tricuspid annular plane systolic excursion.

Other abbreviations as Table IV.
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and function, and is uniquely suited to intraoperative
use. Consequently, TEE is an essential tool during
mitral valve repair surgery (25). In fact, in order to
obtain appropriate information to guide surgical
decision making, perioperative echocardiographers
must understand the etiology and mechanisms of
mitral regurgitation, have an appreciation of surgical
techniques and, most importantly, to be able to perform
a comprehensive assessment of mitral valve structure
and function in the operating room environment (26).
Interesting data showed that 3D echocardiography
is superior to the corresponding 2D techniques when
describing mitral valve pathology (8-11). Indeed,
the possibility of visualizing mitral valve leaflets,
commissures, annulus dilatation and subvalvular
structures from different and unique planes, both from
the atrium or ventricle with access to ‘en-face’ views,
facilitates the understanding of this complex apparatus.
The involvement of commissures and subvalvular
apparatus (tips of leaflets, chordae, papillary muscles)
can be accurately assessed (27). In the qualitative
analysis of mitral valve disease - in particular for
mitral valve prolapse - 3D echocardiography seems to
have a greater accuracy than 2D echocardiography to
investigate the details of mitral valve leaflet anatomy
and motion, while full-motion acquisition is required
when the entire valvular apparatus is to be assessed.
Intermsofaccuracy,3Dechocardiographyhasrecently
been compared to surgical inspection. In a consecutive
series of 200 cases (10), the overall accuracy of the
method was high (sensitivity 92.5%, specificity 96%,
accuracy 95%). The sensitivity of 3D echocardiography
was slightly lower for the anterolateral commissure, P1
and A1, while specificity was very high in all segments.
The present study also investigated differences in the
accuracy of 3D echocardiography not only in simple
but also in complex cases, which involved the majority
of the study population. The accuracy was very high
in both simple and complex lesions (98% and 93%,
respectively), even if slightly lower in complex lesions.
In the present analysis, 3D-TEE showed a
significantly greater sensitivity than 2D-TEE in
the analysis of lesions localized in A3 (sensitivity
100% versus 25%, p <0.001) and in complex lesions
(sensitivity 100% versus 33.3%, p <0.009) (Fig. 3). In
addition, the positive predictive value of 3D-TEE was
significantly higher than for 2D-TEE in the analysis
of A2 (77.8% versus 25%, p = 0.06) and A3 lesions
(80% versus 50%, p = 0.035). Finally, the study results
showed that the complexity of mitral valve lesions as
assessed with 3D-TEE correlates to surgical assessment
and to the surgical procedure performed. Twenty-
one patients (50%) had simple lesions; in these cases
simple techniques were utilized in 98% of patients,
while only in two cases a complex procedure was
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performed. The other 21 patients (50%) had 3D-TEE
lesions classified as complex. In these cases, surgeons
performed complex procedures in 14 patients (66%),
simple procedures in five patients (22%), and in two
patients (12%) mitral valve replacement was necessary
after the first repair attempt.

Additional data (28) have shown that 3D
echocardiography appears to have an important role
in the identification of posterior leaflet deep cleft-
like indentations (CLIs) in degenerative mitral valve
disease. One typical aspect of myxomatous mitral valve
disease are the deep “clefts’ of the posterior mitral leaflet
(29), which do not really cleave the leaflet but rather
occupy the position of normal indentations between
its three scallops. Normal indentations are usually not
deep, but abnormal indentations - although different
from true clefts - form when there are deep CLIs that
can be associated with mitral regurgitation and failure
of mitral repair. 3D-TEE provides mechanistic insights
that CLIs are associated mostly with single scallop
prolapse and insufficient tissue to cover the scallop
separation, probably combining conformational and
acquired valvular patterns.

These data further emphasize the complex
combination of various morphological elements of
myxomatous mitral valve disease, and warrants
detailed physiological future studies of annular
and valvular dynamics with quantitative mitral
regurgitation dynamic assessment to characterize the
complete phenotypical manifestation of myxomatous
mitral valve disease.

Finally, real-time 3D echocardiography has
been used to assess the annular saddle shape
in the pathogenesis of mitral regurgitation. 3D
reconstructions of the mitral valve annulus, in fact,
have permitted a characterization of the link between
mitral morphology and mitral regurgitation severity
in patients with degenerative mitral valve disease.
Using real-time 3D echocardiography, Lee et al. (30)
showed, for the first time in humans, that annular
flattening (as represented by a reduced ratio of annular
height to commissural width) is strongly associated
with progressive leaflet billowing, higher frequencies
of chordal rupture, and greater regurgitant orifices.
The lower limit of the ratio of annular height to
commissural width in a healthy population appears
to be 15%, and a ratio <15% is strongly associated
with moderate or severe mitral regurgitation among
patients with mitral valve prolapse.

Based on the present results, 3D echocardiography is
very important in both the qualitative and quantitative
analysis of degenerative mitral valve disease, and the
achievement of good surgical exposure is paramount
for an excellent mitral valve repair. A perfect 3D-TEE
image of the valve will not compensate for poor
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exposure. In addition, it is important to remember
that the entire subvalvular apparatus can be examined
by the surgeon, including the subtle pathology of the
chords and leaflet that may not be apparent on 3D-TEE.
With this incomplete information, a less-experienced
surgeon may settle for a repair that addresses the
major part of the pathology but may leave behind an
untreated pathology. This may lead to an unacceptably
high rate of residual or recurrent mitral regurgitation,
or the unexpected pathology may lead to valve
replacement. For example, the use of artificial chords
(neochords) without resection will also change the way
in which the valve closes, perhaps making other valve
lesions more prominent, which may in turn lead to
residual mitral regurgitation.

Study limitations

The main limitation of quantitative mitral valve
imaging is that the procedure involved in segmentation
of the valve is currently too time-consuming to be
incorporated intoroutine clinical use. Moreover, manual
input to define the anatomic landmarks of the mitral
valve tends to introduce bias, measurement errors, and
variability. Automated morphological quantification
using intelligent algorithms for anatomic recognition
will likely improve the efficiency and reproducibility
of the mitral valve modeling process to a degree that
is optimal for day-to-day diagnostic use. Advances in
hardware and software leading to improvements in the
3D-TEE image quality will also enhance the robustness
of the segmentation process.

A second limitation was that the sample size was too
small. In fact, a sample size of 42 patients achieved 77%
power to detect an odds ratio of 2,75 using a two-sided
McNemar test with a significance level of 0.05. The odds
ratio is equivalent to a difference between two paired
proportions of 0.35, and the proportion of discordant
pairs is 0.750. To achieve an 80% power, and to identify
a difference in sensibility of 0.35, it would have been
necessary to include 51 patients in the study. Hence,
a process has been undertaken to enroll more patients
and it is hoped that these data can be updated in about
one year, with a larger sample size.

In conclusion, 3D-TEE has allowed a more accurate
identification of mitral valve lesions compared to
2D-TEE, with the greatest accuracy being achieved
for analysis of the anterior leaflet. 3D-TEE should be
regarded as an important adjunct to standard 2D-TEE
when making decisions regarding mitral valve repair.
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