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Abstract

Background—The primary goal of mitral repair surgery is the re-establishment of normal leaflet
coaptation. Surgical techniques which maintain or restore leaflet geometry promote leaflet
coaptation. Recent three-dimensional (3D) echocardiographic studies have shown that saddle-
shape annuloplasty has a salutary influence on leaflet geometry. Therefore, we hypothesized
saddle-shaped annuloplasty would improve leaflet coaptation in repair cases for flail posterior
leaflet segments.

Methods—Sixteen patients with a flail posterior segment and severe MR had valve repair using
standard techniques. Eight patients received a saddle-shaped annuloplasty and eight received flat
annuloplasty. Real-time 3D transesophageal echocardiography was performed before and after
repair. Images were analyzed using a custom software to calculate mitral annular area (MAA),
septolateral dimension (SL), Intercommissural width (CW), total leaflet area (TLA) and leaflet
coaptation area (LCA).

Results—Post-repair mitral annular area (flat — 588.6 + 26.5 mm?; saddle — 628.0 + 35.3 mm2,
p=0.12) and total leaflet area (flat — 2198.5 + 151.6 mm?; saddle — 2303.9 + 183.8 mm?, p= 0.67)
were similar in both groups. Post-repair leaflet coaptation area was significantly greater in the
saddle group than in the flat group (226.8 + 24.0 mm?2 and 154.0 + 13.0 mm?, respectively, p=
0.02).
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Conclusion—Real-time 3D echocardiography and novel imaging software provides a powerful
tool for analyzing mitral leaflet coaptation. When compared to flat annuloplasty saddle-shaped
annuloplasty improves leaflet coaptation area after mitral valve repair for severe mitral
regurgitation secondary to a flail posterior leaflet segment. Use of saddle-shaped annuloplasty
devices may increase repair durability. (245 Words)
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Introduction

Since its inception forty years ago mitral valve repair surgery has become progressively
more intricate. [1] Despite this growing complexity there is still consensus that three basic
tenets remain fundamental to a successful repair: remodeling annuloplasty, preservation of
mobile leaflet tissue, and restoration of a large surface of leaflet coaptation. [2,3] Some
authors propose that the creation of a large area of leaflet coaptation is the primary goal of
the repair surgeon with annuloplasty and leaflet preservation serving as important tools
toward that end. [4]

Though many techniques have been developed to spare and mobilize leaflet tissue little
recent attention has been paid to the influence of annuloplasty on leaflet coaptation. [4,5,6]
Relying on surgical intuition and careful but qualitative observation Carpentier proposed
early on that ring annuloplasty optimizes coaptation by restoring more normal annular size
and shape. [2,7] While this intuitive assertion is widely accepted little quantitative evidence
exists.

The development of quantitative three-dimensional (3D) echocardiographic imaging
techniques has expanded our understanding of normal mitral annular geometry. [8,9] These
insights have spawned a new generation of saddle-shaped annuloplasty rings designed to
restore the annulus to its normal 3D geometry. We have shown previously that saddle-
shaped annuloplasty restores or maintains normal annular geometry and in doing so
reestablishes more normal leaflet geometry [10] and function [11] when compared to flat
annuloplasty. Based on this work and Carpentier’s premise, we hypothesized that saddle-
shaped annuloplasty promotes a larger area of leaflet coaptation after mitral valve repair. To
test this hypothesis we applied real-time 3D echocardiography (rt-3DE) and novel image
analysis software to a cohort of patients undergoing mitral valve repair for mitral
regurgitation secondary to a flail segment of the posterior leaflet.

Patients and Methods

Patients

Sixteen patients with severe mitral regurgitation secondary to a flail segment of the posterior
leaflet (15 P2, 1 P3) underwent mitral valve repair by four surgeons. The flail segment was
treated by triangular resection, quadrangular resection, or leaflet inversionplasty (see Table 1
for a summary of repair techniques).
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In all cases ring selection was at the discretion of the surgeon and the study was done
retrospectively. In 8 patients a Carpentier-Edwards Phyiso Annuloplasty Ring (flat ring;
Edwards Lifesciences, Irvine, CA) was used. In the other 8 patients a Medtronic Profile
3D™ Annuloplasty System (saddle ring, Medtronic, Minneapolis, MN) was placed.

The inversionplasties were carried out by grasping the leading edge of the ruptured chordal
segment with forceps and inverting it into the left ventricle. This technique moves a
triangular piece of posterior leaflet tissue below the plane of the mitral valve annulus and
presents two opposing short lines of tissue along the residual P2 segment. These two lines
were then re-approximated with the double running suture. Static pressure testing of the
ventricle at this point uniformly demonstrated a competent mitral valve. The repair was then
reinforced with ring annuloplasty, paying attention to size the ring appropriately to the entire
pressurized mitral valve orifice. [12]

The triangular and quadrangular resections where carried out using standard Carpentier
techniques. [13] For each technique a minimum of leaflet tissue was resected and the
remaining leaflet edges approximated and sutured. In all cases of quadrangular resection the
annulus was plicated. Repairs where then reinforced with annuloplasty rings which were
sized to the anterior leaflet.

All patients underwent rt-3DE for mitral valve imaging before and after repair. The before
repair imaging was performed in the operating room after induction of general anesthesia
and before sternotomy. Post repair images were obtain after sternal closure prior to leaving
the operating room.

The rt-3DE data sets were acquired, through mid-esophageal view, with an iE-33 platform
(Philips Medical Systems, Andover, MA) equipped with a 2- to 7-MHz X7-2t TEE matrix
transducer. Electrocardiographically gated full-volume images were acquired over 4 cardiac
cycles during a period of apnea at end expiration. Care was taken to include the mitral
apparatus in its entirety for the volumetric data during the entire acquisition. The volumetric
frame rate was 17 to 30 frames/s with an imaging depth of 12 to 16 cm.

The study protocol was reviewed and approved by the University of Pennsylvania School of
Medicine Institutional Review Board.

Image Segmentation

Each full-volume data set was then exported to an Echo-View 5.4 (Tomtec Imaging
Systems, Munich, Germany) workstation for image analysis. Analysis was performed at
mid-systole and mid-diastole. The plane of the mitral valve orifice was rotated into a short-
axis view. The geometric center was then translated to the intersection of the two
corresponding long-axis planes which then corresponded to the intercommissural and
septolateral axes of the mitral valve orifice. A rotational template consisting of 18 long-axis
cross-sectional planes separated by 10 degree increments was superimposed on the 3-
dimensional echocardiogram. The two annular points intersecting each of the 18 long-axis
rotational planes were then identified by means of orthogonal visualization of each plane;
the two annular points were marked interactively (Figure 1).
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Measurement planes were then marked at fixed 1-mm intervals along the entire length of the
intercommissural axis (Figure 2A). In each two-dimensional (2D) plane, data points
delineating anterior and posterior leaflets were traced across the atrial surfaces resulting in a
500- to 1000-point data set for each valve (Figure 2B). For the coaptation tracing,
meticulous care was taken to clearly identify the tip of both anterior and posterior leaflets
immediately before coaptation (using previous frames), so that the highest (most atrial) and
lowest (most ventricular) margins of the coaptation zone could be defined. These atrial and
ventricular edges of the coaptation zone were then marked interactively (Figure 2B, C).
Anterior and posterior commissures (AC, PC) were defined as annular points at the junction
between the anterior and posterior leaflets (middle of commissural region) and interactively
identified. The X, Y, Z coordinates of each data point, assigned to the annulus, anterior
leaflet, posterior leaflet, or the coaptation surface were then exported to Matlab (The
Mathworks, Inc, Natick, Mass).

To assess total leaflet tissue the anterior and posterior leaflet were imaged again at end
diastole using the same techniques.

Annular Analysis

Using custom Matlab algorithms (Mathworks Inc., Natick, MA, USA) and orthogonal
distance regression, the least squares plane of the data point cloud for the annulus was
aligned to the x-y plane. Under these geometric conditions, the annular height for each point
(zn) was plotted as a function of rotational position on the annulus. A number of anatomic
landmarks (Figure 3) were identified. The septum (S) was identified as the anterior horn of
the annulus at the aortic valve, corresponding to zax. The lateral annulus (L) was located at
the middle of the posterior annulus circumference. With the annular model transformed such
that the commissures were aligned with the y-axis, the anterolateral (AL) and posteromedial
(PM) annular points are the locations of maximal and minimal y-value.

Annular height (AH) was defined as zyax — Zmin- Septolateral (SL) diameter was defined as
the distance, in 3D space, separating the two data points S and L. Commissural Width (CW)
was defined as the 3D distance between the two commissures. Annular height to
commissural width ratio (AHCWR) was subsequently defined as AH/CW x 100%. Mitral
annular area (MAA) was defined as the area enclosed by the 2D projection of a given
annular data set onto its least squares plane.

The degree of annular under-sizing post repair was calculated as the change in annular area
(post MAA — pre MAA) divided by pre repair MAA and expressed as a percentage.

Coaptation and Leaflet Analysis

Using interpolation methods, the 3D length of atrial and ventricular coaptation edges were
determined. The 3D coaptation area and diastolic total leaflet area (TLA) were then
determined by triangulating the sampling points and summing the areas of the individual
triangles.

Since leaflet coaptation area is known to be directly proportional to total leaflet area and
inversely proportional to annular size a normalized coaptation area (NCA) was calculated to
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reduce between patient variation in these post-repair parameters and to more clearly isolate
the influence of annuloplasty shape on coaptation area:

NCA = leaflet coaptation area *(MAA / TLA)

To provide a 2D visual representation of the coaptation area the atrial and ventricular
coaptation edges were projected on to a viewing plane orthogonal to the least squares
annular plane passing through both commissures (Figure 2C). Averaged images were then
created for each group using interpolation of a normalized intercommissural sampling scale.
The resulting images were then centered for comparison.

From these 2D projections the leaflet coaptation length was calculated at every point from
commissure to commissure and plotted for each group using normalized intercommissural
distances.

All image analysis was done retrospectively.

Statistical Analyses

Results

Annulus

All continuous annular and leaflet parameters for the two groups (Table 1) were compared
using either Kruskal-Wallis rank sum test or t-test, depending on normality assumptions
being met. The central tendency of these measurements is presented as mean + standard
error of the mean.

Because of the non-continuous nature of the annuloplasty ring data between group
comparisons were carried out using Mann-Whitney u-tests and the central tendency is
reported as the median.

Overall assessment of leaflet coaptation length and overall coaptation area shape between
groups were carried out using a mixed effects model to account for the correlation between
positions inherent in the two groups. Subsequently, coaptation length was compared at each
position along the intercommissural line using a Wilcoxon exact test without correction for
multiple comparisons.

For all comparisons, p<0.05 was considered significant. All statistical analyses were
performed using Stata 11.0 MP (StataCorp LP, College Station, TX).

The median nominal annuloplasty ring size was 32 in each group and the full range of ring
sizes is presented in Table 1.

Measured and derived annular parameters are summarized in Table 2. All values are
expressed as mean = standard deviation. Data are presented for the flat ring (n=8) and saddle
ring (n=8) groups before and after repair.

Prior to repair annular sizes, as assessed by MAA, SLD and CW, were similar in both
groups. After repair both groups’ annular dimensions were significantly but similarly

Ann Thorac Surg. Author manuscript; available in PMC 2015 July 30.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vergnat et al.

Leaflets

Comment

Page 6

reduced. After flat annuloplasty MAA was diminished by 50.7 +2.8% and by 54.5+4.9%
after saddle annuloplasty (p=0.40). After repair all measures of annular size (MAA, SLD,
CW) were similar in both groups.

Global annular height was maintained (pre — 7.5 £ 0.6mm; post — 7.7 £ 0.5mm) after saddle
annuloplasty, and significantly reduced by flat annuloplasty (pre — 7.2 + 0.9mm; post — 2.7
+ 0.2mm, p = 0.00). The non-planarity of the annulus, as assessed by the AHCWR, also
showed a significant decrease after flat annuloplasty (pre — 20.2 + 1.6%; post — 8.7 £ 0.6%,
p = 0.00). AHCWR was maintained by saddle-shape annuloplasty (pre — 20.4 + 1.6%; post
22.9 + 1.2%).

Total post repair leaflet surface area was similar between groups (flat — 2198.5 + 151.6 mm?
vs. saddle — 2303.9 + 183.8 mm2). The 3D coaptation area was found to be significantly
larger in the saddle annuloplasty group (flat — 154.0 + 13.0 mm? vs. saddle — 226.8 +
24.0mm?2 p = 0.02). The fraction of total leaflet area involved in the coaptation region was
also greater in the saddle group (flat — 0.07 + 0.00 vs. saddle — 0.10 £ 0.01 p = 0.00).

Even though there were no significant between group differences in MAA and TLA the
NCA illustrated the most dramatic between group differences with the saddle group NCA
being more than 50% larger than the flat repair group (62.6 = 7.7 mm2 vs. 42.2 + 2.7 mm?2 p
=0.01).

Additionally, both the atrial and the ventricular 3D coaptation lines were found to be longer
in the saddle group (see Table 2).

Figure 4 demonstrates a 2D projection of the averaged leaflet coaptation areas for each
group. From this figure it can be seen that the coaptation area and length of the atrial and
ventricular coaptation edges of the flat group are remarkably smaller than the saddle group.
The relationship of the coaptation lines and commissures to the annular plane is also
illustrated. In the flat ring group commissure and coaptation lines are pulled closer to the
annular plane.

A comparison of leaflet coaptation lengths as a function of normalized intercommissural
position is shown in Figure 5. Considering all coaptation length measurements together the
saddle group had, on average, coaptation lengths that were 1.44 times as long as the flat
group (p=0.031). The regions where the coaptation lengths were found be significantly
longer in the saddle group are shown by the shaded regions in Figure 5. The shape of the
coaptation area was found to be similar in both groups.

The primary component of a durable mitral valve repair is the restoration of an optimal area
of leaflet coaptation. [2,4] The word optimal applies to both the size and shape of the
coaptation region. The factors that influence coaptation are annular size, annular shape and
the amount of mobile leaflet tissue. Surgeons can manipulate the first two factors via ring
annuloplasty and the latter by growing number of surgical techniques.
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The current study takes our understanding of the influence of annuloplasty on post repair
leaflet coaptation literally to a new dimension. Prior to our previous work, re-establishment
of normal annular geometry referred only to 2D relationships (i.e. - the normal systolic 4:3
ratio between the transverse and anteroposterior annular dimensions). [7] During the past
decade, using a variety of imaging modalities we have been able to quantify the normal
saddle shape [9,14,15] of the mitral valve and document its importance in optimizing valve
performance. [11] These findings have lead to a new generation of saddle-shaped
annuloplasty rings. Saddle-shaped rings have subsequently been shown to maintain more
optimal patterns of leaflet geometry when compared to flat rings. [10,16,17] Based on these
studies we hypothesized that saddle annuloplasty would have a strong beneficial effect on
leaflet coaptation.

Using both previously developed 3D echocardiographic techniques [8, 9, 18] and the new
algorithms described above we were able to demonstrate the positive influence of saddle
annuloplasty on leaflet coaptation after repair for a flail posterior leaflet. Figure 4 is a
powerful visual representation of the results. This figure illustrates the geometry, size,
orientation and relationship to the annular plane of the coaptation areas of both groups. It
can be seen that the flat ring elevates (“atrializes™) the leaflet commissures and in doing so
shortens both the atrial and ventricular coaptation edges.

Figure 5 graphically compares leaflet coaptation height across the entire coaptation zone in
both groups. This figure demonstrates regional heterogeneity in the difference in coaptation
length between the two groups. The saddle ring most profoundly augments coaptation length
in the region midway between the commissures and the center of the valve bilaterally. This
figure highlights the strength of our 3D imaging methodology. The technique is not
influenced by asymmetry of leaflet closure or asymmetry of coaptation along the mitral
valve and, therefore, has the potential to overcome many of the limitations of 2D imaging.
The standard evaluation of leaflet coaptation provided by 2D echocardiography is a one-
dimensional coaptation length usually obtained as close to the valve center as possible.
[19,20] Figure 5 demonstrates that the saddle-shaped ring influences coaptation length least
in the middle of the valve. As a result 2D echocardiographic imaging directed at this region
would have drastically under estimated the influence of ring shape on leaflet coaptation.

The primary goal of this study was to isolate the influence of annuloplasty ring shape on
leaflet coaptation area. Because post repair total leaflet tissue and annular size also strongly
contribute to leaflet coaptation, variations in operative technique and surgeon preference
were strong possible confounding variables in this study. While differences in surgical
technique to treat the flail leaflet segment (resection vs. inversionplasty) and ring size
selection were not controlled for, the novel imaging techniques used provided
documentation that both repair groups, were similar with regard to post repair TLA and
MAA. To further control for the potential influence of these variables we normalized the
coaptation area to both TLA and post repair MAA. Interestingly, this NCA parameter
demonstrated an even more dramatic distinction between the two groups, lending further
support to the conclusion that there was limited confounding influence due to between group
variation in leaflet tissue or ring size.
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Real-time 3D echocardiography is now available in both transthoracic and transesophageal
modalities. The combination of this new technology and our novel image analysis
algorithms provide the tools for quantifying the influence of repair techniques on the
complex and dynamic geometry of the mitral valve. Our methodology is not influenced by
viewing plane selection or annular distortions and, therefore, represents a potentially useful,
clinically relevant, and consistent technique for quantitatively assessing mitral valve repair

in vivo. With more clinical experience and longer term follow up it may ultimately be
possible to correlate parameters such as NCA with repair durability.
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Abbreviations and Acronyms

AH Annular Height

AHCWR Annular Height to Commissural Width Ratio

AA Anterior Annulus

AC Anterior Commissure

AML Anterior Mitral Leaflet

AoV Aortic Valve

Cw Commissural Width

LA Left Atrium

LV Left Ventricle

LVOT Left Ventricular Outflow Tract

NCA Normalized Coaptation Area

MAA Mitral Annular Area

PA Posterior Annulus

PC Posterior Commissure

PML Posterior Mitral Leaflet

SLD Septolateral Dimension

TLA Total Leaflet Area
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Figure 1. Annular Segmentation Technique
Panel A demonstrates a view of the mitral valve where the selected short axis plane

coincides with the plane of the mitral valve. The aorta valve (AoV) and mitral valve orifice
(MVO) are indicated. A rotational template consisting of 18 long axis planes evenly spaced
at 10° increments and centered at the geometric center of the mitral valve are constructed.
Panel B demonstrates a single long axis view (0 degrees on the rotational template of Panel
A) of the heart. The left ventricle (LV), left ventricular outflow tract (LVVOT), anterior
(AML) and posterior (PML) mitral leaflets, left atrium (LA), aortic valve (AoV), anterior
(AA) and posterior (PA) annular points have been marked. Note that in this orientation, the
negative z-axis (for purposes or annular height and coaptation height calculations) extends
towards the apex while the positive z-axis extends towards the left atrium.
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Figure 2. Leaflet Segmentation Technique
Panel A demonstrates leaflet segmentation using transverse cross-sections every 1 mm

along intercommissural axis (anterior commissure — AC, posterior commissure — PC). Panel
B demonstrates one of the 2D cross-sections represented by the white dashed line in panel
A. In each of these septolateral measurement planes, between 5 and 40 individual points
(depending on the septolateral diameter of the MV at the position of a given measurement
plane) on the atrial surface of the MV are manually marked (green curves). The position of
each point is recorded as anterior mitral leaflet (AML), coaptation leaflet (coapt) or posterior
mitral leaflet (PML). The most atrial coaptation point is marked with an O while the most
ventricular coaptation point is marked with an X. Panel C is a schematic which
demonstrates how the atrial and ventricular coaptation points are then projected onto a
viewing plane orthogonal to the least squares annular plane passing through the
commissures to construct a 2D representation the atrial (O’s) and ventricular (X’s)
coaptation edges. The area bounded by these coaptation lines is defines the coaptation area
in this projection. The white and red dashed lines are both within least squares annular plane
in all three panels.
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Figure 3. Annular Modeling
Oblique (A), Intercommissural (B), and Transvalvular (C) views of a single real-time three-

dimensional derived mitral annular model. The 36 annular data points (white spheres) have
been included. The least squares plane has been superimposed on the annulus in each view.
Panel A illustrates the manner in which the distance from the least squares plane to a given
annular point (z,) is measured for a given data point. Panel B illustrates the manner in
which both annular height (AH) and septolateral diameter (SL) are determined for each
valve. Panel C illustrates the manner in which the intercommissural width (CW) is
determined for each valve. AC: anterior commissure; AH: annular height; AL: antero-lateral
point; CW: commissural width; MTD: mitral transverse diameter; PC: posterior
commissure; PM: postero-medial point; SL: septolateral diameter; z,: regional height.
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Figure 4. Comparison of Coaptation Area
Black curves represent the 2D projections of the averaged atrial and ventricular coaptation

edges for the flat annuloplasty group. The area bounded by the two curves is the projected
2D coaptation area. The grey curves signify similar parameters for the saddle shaped
annuloplasty group. The represented viewing plane is orthogonal to the averaged best fit
annular plane and passes through the line connecting the anterior (AC) and posterior (PC)
commissures. These composite images were created using interpolation of a normalized
intercommissural sampling scale for each valve. Dashed lines represent standard deviations.
Notice the larger coaptation area of the saddle group and how the flat ring tends to pull the
commissures in a more atrial direction.
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Figure 5. Comparison of Coaptation Length
Graphic presentation of leaflet coaptation length vs. normalized intercommissural position

for both the saddle (grey) and flat (black) annuloplasty groups. Dashed lines represent
standard deviations. Shaded areas indicate regions were coaptation length differed
significantly between groups.
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Table 2
Annular and Leaflet Data Summary

Flat Ring Saddle Ring
Pre-Repair Annular Height (mm) 7209 75+0.6
Post-Repair Annular Height (mm) 27+02 77+05°
Pre-Repair Commissural Width (mm) 353+21 37.0+21
Post-Repair Commissural Width (mm) 30.7+£0.9 33511
Pre-Repair Annular Height Commissural Width Ratio 20216 205+1.6
Post-Repair Annular Height Commissural Width Ratio 8.7+0.6 229+1.2"
Pre-Repair Septolateral Dimension (mm) 33716 37.7+18
Post-Repair Septolateral Dimension (mm) 23.7+05 23.6+0.8
Pre-Repair Mitral Annular Area (mm2) 1228.5+99.8 1461.9+1494
Post-Repair Mitral Annular Area (mm?) 588.6 +£26.5 628.0 £ 35.3
Annular Undersizing (%) -50.7+2.8 -54.6 +4.2
Post-Repair Total Surface Area (mm?) 2198.5+151.6 2303.9 +183.8
Post-Repair Coaptation (mm?) 1540+13.0 2068+ 24.0"
Post-Repair Coaptation / Diastolic Surface Area 0.07 £0.00 0.10 +0.01"
Normalized Coaptation Area (mm?) 41227 626+7.7"
3D Atrial Coaptation Edge Length (mm) 28.4+0.8 31.3+1.0°
3D Ventricular Coaptation Edge Length (mm) 28.4+0.8 31.3+10

*
denotes significant between group differences (p<0.05)
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