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Abstract

Objectives—To define the effects of annuloplasty rings (ARs) on the dynamic motion of
anterior and posterior mitral leaflets (AML, PML).

Methods—Sheep had radiopaque markers inserted: 8 around the mitral annulus, four along the
central meridian (from edge to annulus) of the AML (#A1—#A4) and one on the PML edge (#P1).
True-sized Edwards Cosgrove (COS, n=12), St Jude RSAR (n=12), Carpentier-Edwards Physio
(PHYSIO, n=12), Edwards IMR ETlogix (ETL, n=10) or Edwards GeoForm (GEO, n=12) ARs
were implanted in a releasable fashion. Under acute open-chest conditions, 4-D marker
coordinates were obtained using biplane videofluoroscopy with the ARs inserted (COS, RSAR,
PHYSIO, ETL, GEO) and after release (COS-CONTROL, RSAR-CONTROL, PHYSIO-
CONTROL, ETL-CONTROL, GEO-CONTROL). AML and PML excursions were calculated as
the difference between minimum and maximum angles between the central mitral annular septal-
lateral chord and the anterior mitral leaflet edge markers (oiexc — ti4exc) and PML edge marker
(B1exc) during the cardiac cycle.

Results—Relative to CONTROL, 1.) RSAR, PHYSIO, ETL and GEO increased excursion of the
AML annular (ogexc: 13+6° vs. 16+7°*, 16£7° vs. 23£10°%, 12+4° vs, 18+9°*, 15+1° vs. 20+£9°*,
respectively) and belly region (apeyc: 41+£10° vs. 45£10°%, 42+8° vs. 45+6°, n.s., 33+13° vs.
42+14°%, 39+6° vs. 44+6°*, respectively, ogexc: 24+9° vs. 29+11°%, 28+10° vs. 33+10°%, 16+9° vs.
21+12°*, 25+7° vs. 29+9°*, respectively), but not of the AML edge (ajexc: 42+8° vs. 44£8°,
43£8° vs. 41+6°, 42+11 vs. 46£10°, 39+9° vs. 38+8°, respectively, all n.s.). COS did not affect
AML excursion (ogexc: 40+8° vs. 37+8°, gexc: 43£9° vs. 41£9°, ageye: 27£11° vs. 27+10°, gexc:
1848° vs. 1747°,, all n.s.). 2.) PML excursion (B1exc) was reduced with GEO (53+5° vs. 43+6°%),
but unchanged with COS, RSAR, PHYSIO or ETL (53£13° vs. 52+15°, 50+13° vs. 49+10°, 55+5°
vs. 55+7°, 52+8° vs. 58+6°, respectively, all n.s). *=p<0.05
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Conclusions—RSAR, PHYSIO, ETL and GEO rings, but not COS, increase AML excursion of
the AML annular and belly region suggesting higher anterior mitral leaflet bending stresses with
rigid rings, which potentially could be deleterious with respect to repair durability. The decreased
PML excursion observed with GEO could impair LV filling. Clinical studies are needed to
validate these findings in patients.
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Mitral valve; annuloplasty rings; leaflet dynamics

INTRODUCTION

Mitral valve repair has become the gold-standard treatment for patients with mitral
regurgitation and most commonly includes the implantation of an annuloplasty ring [1]
which invariably changes the geometry, dynamics and force distribution of the mitral
annulus [2-4]. Such annular changes have been demonstrated to perturb the geometry of the
mitral leaflets during valve closure [5,6], which has been associated with alterations in
physiological stress patterns acting on the leaflets and suboptimal repair durability [7,8]. The
effects of annuloplasty rings on mitral leaflet dynamics are, however, less clear. While some
studies suggest ring-induced changes in mitral leaflet dynamic motion [9,10], other studies
do not demonstrate alterations in leaflet dynamics with annuloplasty rings [11]. A better
understanding of the effects of annuloplasty rings on mitral leaflet dynamic motion is
important because such alterations could affect physiological leaflet stress distribution and,
thus, repair durability.

Our goal was to assess the effects of five different annuloplasty ring types (Cosgrove-
Edwards band, St. Jude Medical rigid saddle ring, Carpentier-Edwards Physio, Edwards
IMR ETlogix and Edwards GeoForm) on mitral leaflet dynamic motion in an experimental
ovine model using four-dimensional radiopaque marker tracking.

MATERIALS AND METHODS

Surgical preparation

Fifty eight adult, Dorsett-hybrid, male sheep (49+5kg) were premedicated with ketamine
(25mg/kg intramuscularly), anesthetized with sodium thiopental (6.8mg/kg intravenously),
intubated and mechanically ventilated with inhalational isoflurane (1.0-2.5%). All animals
received humane care in compliance with the Principles of Laboratory Animal Care
formulated by the National Society of Medical Research and the Guide for Care and Use of
Laboratory Animals prepared by the National Academy of Sciences and published by the
National Institute of Health (DHEW NIHG publication 85-23, revised 1985). This study was
approved by the Stanford University Medical Center Laboratory Research Animal Review
committee and conducted according to Stanford University policy.

Through a left thoracotomy, 13 radiopaque markers were implanted to silhouette the left
ventricle (LV) at the cross-section points of two equally spaced longitudinal and three
equatorial meridians and the LV apex as described earlier [12]. Using cardiopulmonary
bypass and cardioplegic arrest, 8 radiopaque markers were sewn to the mitral annulus and 4
markers were sewn to the central meridian of the anterior (#A1-4) and two to the posterior
mitral leaflet (#P, and #P,,Figure 1A). Five different annuloplasty ring models, the
Cosgrove-Edwards band (COS, Edwards Lifesciences, Irvine, CA, USA, n=12), St. Jude
Medical rigid saddle ring (RSAR, St. Jude Medical Inc, St. Paul, MN, USA, n=12),
Carpentier-Edwards Physio (PHYSIO, n=12), Edwards IMR ETlogix (ETL, n=10) and
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Edwards GeoForm (GEO, n=12, all three Edwards Lifesciences, Irvine, CA, USA) were
implanted in a releasable fashion as described earlier [13].

All annuloplasty rings were “true-sized” (i.e., the size was chosen as assessed with the sizer
provided by the manufacturer) by determining the height and the entire area of the entire
anterior mitral leaflet. As all animals had similarly sized leaflets, all received size 28 rings.
After weaning from cardiopulmonary bypass, the sheep were transferred to the experimental
catheterization laboratory under acute open chest conditions.

Data acquisition

Videofluoroscopic images (60 Hz) of all radiopaque markers were acquired using biplane
videofluoroscopy (Philips Medical Systems, North America, Pleasanton, CA, USA). First,
images were acquired with the ring inserted (COS, RSAR, PHYSIO, ETL, GEO). To
acquire a data set for a parallel study, acute LV ischemia was then induced by tightening an
encircling vessel loop around the circumflex branch of the left coronary artery for 90 sec.
After the hemodynamics returned to baseline, the locking sutures were pulled out and the
ring was lifted away from the mitral annulus toward the left atrial roof using drawstrings. A
third data acquisition was performed and images were acquired with the ring released (COS-
Control, RSAR-Control, PHYSIO-Control, ETL-Control, GEO-Control). Data from mitral
annular and leaflet geometry using this dataset have been published earlier [13,14].

Four-dimensional marker coordinates were obtained as described previously [15]. Data from
3 consecutive hemodynamically stable beats in normal sinus rhythm were averaged and
analyzed. End-systole was defined as the videofluoroscopic frame immediately preceding
the peak negative rate of LV pressure change (—dP/dty,«) and end-diastole as the
videofluoroscopic frame containing the peak of the R-wave on the ECG. Distance between
anterior and posterior leaflet edge markers (#A1 and #P) were computed throughout the
cardiac cycle. Mid-systole was defined from these distance values as: ((Closure 2 — Closure
1)/2) + Closure 1, where Closure 1 was the time of leaflet closure (immediately after the end
of diastolic filling) and Closure 2 was the time immediately before valve opening.

Data analysis

Hemodynamics—Instantaneous LV volume was computed from the epicardial LV
markers using a space-filling multiple tetrahedral volume method [16]. Hemodynamic data
were calculated from marker derived instantaneous LV volumes and analog LV pressures as
described earlier [15].

Mitral leaflet motion

Valve opening: In order to determine the effects of annuloplasty rings on mitral valve
opening, maximum values from plotted distance curves between markers #A; and #P; were
extracted and defined as maximum valve opening.

Regional leaflet dynamic motion: In order to assess the effects of the implanted rings on
regional anterior as well as posterior mitral leaflet motion, angles between anterior and
posterior leaflet markers (#A1—#A,4 and #P1—#P», respectively) and the central mitral annular
septal lateral cord (#17—#19) were calculated throughout the cardiac cycle as a;_4 and B1—o,
respectively (Figure 1B). Minimum and maximum values were extracted from plotted
curves. Minimum values were subtracted from maximum values to determine anterior and
posterior mitral leaflet excursion (Figure 1C).
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Leaflet opening and closing velocity: The slopes were calculated from plotted regional
leaflet angle curves (a;_4, B1 and ) and maximum and minimum values were extracted to
describe regional leaflet closing and opening velocity (VCax and VOnax, respectively).

Distance of anterior mitral leaflet edge to LV septum: The distance between the anterior
mitral leaflet edge marker (#A,) and the septal equatorial LV marker was calculated (Figure
1D).

Mitral leaflet geometry—In order to describe the geometry of the anterior and posterior
mitral leaflets along their central leaflet meridian during valve closure and LV filling, leaflet
marker 3-D coordinates were transformed into a right-handed Cartesian coordinate system,
with origin at the mitral annular saddlehorn marker (#17, Figure 1A), positive y-axis passing
through the LV apex marker, positive x-axis orthogonal to the y-axis with the x-y plane
containing the mitral annular mid-lateral marker (#19, Figure 1A), with positive z-axis
directed toward the posterior commissure. Marker x-y coordinates were plotted at mid-
systole and at maximum valve opening to display leaflet shape along the central leaflet
meridians.

Statistical Analysis—Data are reported as mean + 1 SD unless otherwise stated. Control
data (COS-Control, RSAR-Control, PHYSIO-Control, ETL-Control, GEO-Control) and data
with the respective ring inserted (COS, RSAR, PHYSIO, ETL, GEO) were compared using
one-way repeated measures ANOVA with a Holm-Sidak posthoc test (Sigmastat 3.5, Systat
Software, Inc, San Jose, CA, USA). A p-value of less than 0.05 was considered to be
statistically significant.

Hemodynamics

Group mean hemodynamic indices are shown in Table 1. No significant differences were
found between ring and control states in all five groups with respect to heart rate, LV dP/dt
(except for Cosgrove, where dP/dt was slightly higher compared to Control) and LVEDV.

Mitral leaflet motion

Valve opening—Table 2 displays mitral valve opening in the five annuloplasty ring
groups with and without the respective rings inserted. Compared to the Control state, all
rings decreased maximum leaflet separation, i.e., valve opening; for RSAR, this trend was
statistical insignificant (p=0.073).

Regional leaflet dynamic motions—Table 2 also shows the regional anterior and
posterior leaflet excursion as well as leaflet opening and closing velocities in the five
groups. While regional leaflet excursion increased in the belly (ay and ag)and annular region
(og)with all rigid, complete rings, RSAR, PHYSIO, ETL and GEO (although insignificantly
for ap with PHYSIO: 42+8° vs. 45£8°, n.s.), none of these three rings affected the excursion
of 0. COS did not affect anterior mitral leaflet excursion (excursion of oy —oy). Posterior
mitral leaflet edge excursion (excursion of ;) was reduced with GEO, but unchanged with
COS, RSAR, PHYSIO. or ETL. In order to illustrate whether the observed changes in leaflet
excursion were due to changes in minimum or maximum leaflet angles, or both, Figure 2A-
F shows the maximum and minimum angles for the anterior (Figure 2A-D) and posterior
(Figure 2E-F) leaflets for all five groups with and without the respective rings. The
increased excursion of ay_4 found with RSAR, PHYSIO, ETL and GEO (Table 2) was
accompanied with increases in maximum values of angle ay and a3. The minimum values of
angle ay did not change with RSAR, PHYSIO and ETL, but increased with GEO.
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Furthermore, ETL and GEO increased minimum values of a3 and a4. The decreased
excursion of the posterior mitral leaflet (excursion of B4 and B,) found with GEO was due to
an increase in minimum angles, which was greater than the increase in maximum angles
(Figure 2E and F).

Leaflet opening and closing velocity—The complete, rigid rings (RSAR, PHYSIO,
ETL and GEO), but not COS, increased both, VOmax and VCpax in the belly region of the
anterior mitral leaflet near the annulus (a3) as compared to Control (Table 2, not significant
for VCpax Of PHYSIO: 42+14 vs. 48+15 deg/s, p=0.104, F=3.1). These rings also increased
VCnax predominately in the anterior mitral leaflet belly region closer to the edge (VCpax Of
ap). Only ETL and GEO affected VCyax 0r VOmayx Of the posterior mitral leaflet edge (B1).
While ETL increased VOmax and VCax Off3 1, GEO decreased VO, Of B1..

Distance of anterior mitral leaflet edge to LV septum—Compared to Control,
PHYSIO, ETL and GEO, but not RSAR or COS, decreased the distance of the anterior
mitral leaflet edge and the LV septum at end-diastole (PHYSIO: 3.33+£0.60cm vs.
3.01+0.59cm, p=.001, F=18.9, ETL: 3.57+0.34cm vs. 3.27+£0.36cm, p=.015, F=9.0, GEO:
3.12+0.67cm vs. 2.83+0.46¢cm, p=.046, F=5.2, RSAR: 3.12+0.67cm vs. 3.03+0.67cm, n.s.,
F=2.0, COS: 3.094+0.70cm vs. 3.09+0.71cm, n.s., F=0). Figure 3A—E shows curves of the
distance between the anterior mitral leaflet edge marker (#A1) and the LV septum, as well as
the distance between the anterior and posterior mitral leaflet edge markers (#A; and #P,) for
all five groups with and without ring insertion plotted with t=0 at end-diastole. COS and
RSAR did not affect the anterior mitral leaflet edge to LV septum distance during the
closing motion of the valve, whereas PHYSIO, ETL and GEO result in a smaller distance
while the valve closes. GEO, but not COS, RSAR, PHYSIO or ETL resulted in a smaller
distance of the anterior mitral leaflet edge to the LV septum when the valve was tightly
closed.

Mitral leaflet geometry

Figure 4A—E shows the mean 2-D positions of the anterior and posterior mitral leaflet
markers as well as the mitral annular markers #17 and #19 plotted onto an X-Y plane for all
five ring groups at mid-systole and maximum valve opening with and without the ring
inserted. While all rings reduced mitral annular dimensions, COS, RSAR, PHYSIO or ETL
implantation did not affect the anterior mitral leaflet geometry along the central meridian at
mid-systole, or at maximum opening. GEO implantation resulted in a more acute angle of
the anterior mitral leaflet edge. The posterior mitral leaflet geometry along the central
meridian appeared similar to the control state in all ring groups both at mid-systole and
maximum valve opening.

Video 1 shows an animation of the mean 2-D positions of the markers for all five ring
groups during the cardiac cycle. The subtle increases in the excursion of the leaflet annulus
and belly region with RSAR, PHYSIO, ETL and GEO (ay, see above) can be appreciated as
well as the drastic changes in mitral annular geometry and dynamics.

DISCUSSION

This study reports, for the first time, the effects of conventional as well as recently-designed
new annuloplasty rings on anterior and posterior mitral leaflet dynamics using a releasable
ring insertion experimental preparation. The principal findings of this study were: (1.) All
five ring types reduced maximum valve opening despite true-sizing; (2.) RSAR, PHYSIO,
ETL and GEO rings, but not COS, increased the excursion of the anterior mitral leaflet
annular (oy4) and belly (ay and a3) region, while none of the rings affected excursion of the
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anterior mitral leaflet edge (a4); (3) GEO decreased the excursion of the posterior mitral
leaflet edge (B1), while COS, RSAR, PHYSIO and ETL did not affect posterior leaflet edge
motion; (4) RSAR, PHYSIO, ETL and GEO increased both opening and closing velocities
of the anterior leaflet belly (a3); (5) Only GEO changed the geometry of the central meridian
of the anterior mitral leaflet during valve closure, with the edge region bending more acutely
(concave to the LV); (6) PHYSIO, ETL and GEO, but not COS and RSAR decreased the
distance of the anterior mitral leaflet edge to the LV septum at end-diastole.

The finding of a reduction in maximum valve opening, regardless of ring type, was
surprising. Although a smaller effective mitral orifice area due to ring implantation has been
described [17], the rings in the present study were true-sized and implanted in healthy hearts
with normal sized leaflets and mitral annuli. With regard to the physiologically shaped rings
(i.e., COS, RSAR and PHYSIO) one may therefore expect that these rings do not impair
maximum valve opening. Recently published analyses from our laboratory, however, have
shown that even true-sized and physiologically shaped rings reduce mitral annular
dimensions [14] especially during diastole when the dynamic annulus is largest [18]. The
reduction in mitral valve opening observed is therefore most probably due to reductions in
diastolic mitral annular dimensions caused by ring implantation.

In an earlier study, Timek et al. found no difference in anterior mitral leaflet excursion after
implantation of a Physio ring in an ovine model [11]. In contrast, we observed an increase in
the excursion of the anterior mitral leaflet belly with RSAR, PHYSIO, ETL and GEO. This
discrepancy could result from the novel experimental setup (releasable ring methodology)
used in this experiment. The releasable-ring methodology allows for paired comparison
between “ring on” and “ring off” in the same heart and thus may enable us to detect more
subtle differences. It is reasonable to speculate that such an increase in leaflet excursion
results from subvalvular alterations caused by the annuloplasty ring implantation.
Annuloplasty rings have been shown to decrease tethering length [19], i.e., the distance from
the papillary muscle tips to the saddle horn. In theory, these alterations may result in a slack
of the strut chords which may lead to an increased leaflet excursion. Such an increase in
leaflet excursion could result in greater bending stresses and, thus, potentially adversely
affect long-term repair durability e.g by promoting a progression of degenerative leaflet or
chordal disease after mitral valve repair as described by Marwick et al. [20]).
Hypothetically, these adverse effects could be even more pronounced if smaller ring sizes
were used than those assessed with the sizer (downsizing).

The posterior leaflet excursion was not affected by COS, RSAR or PHYSIO and increased

with ETL. This is in contrast to earlier studies from our laboratory where restricted posterior
leaflet motion was reported after implantation of a Medtronic Duran and an Edwards Physio
ring [10]. This difference could again be due to our novel implantation methodology, where
though the ring is in the same anatomical location the stitching technique was different from
the conventional technique (see [13] for details). Furthermore, in the past data were acquired
one week after ring implantation and early scarring may have impaired free leaflet mobility.

In contrast to all other rings, the GEO ring decreased the posterior leaflet excursion as well
as the VOp,x Of the posterior leaflet edge (B1). These effects could be due to the aggressive
septal-lateral downsizing inherent in this ring model and/or due to its specific 3-D design:
the 6mm elevation of the P-2 segment could exert a “folding effect” on the posterior leaflet
which could impair free leaflet mobility. Regardless, our results suggest that the GEO ring
could impair LV filling due to both, a decrease in posterior leaflet excursion (reduction of
the effective mitral valve orifice) and a decrease in the VO« Of the posterior leaflet. This
speculation, however, needs to be confirmed clinically.
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The affect of annuloplasty rings on regional leaflet opening and closing velocities has not
been previously reported. We found that the complete annuloplasty rings (RSAR, PHYSIO,
ETL and GEO) increased both opening and closing velocities of the anterior leaflet belly
(03, Table 2, increase in VCpyax With PHYSIO did not reach statistical significance (42+14
vs. 4815 deg/s, p=0.104, F=3.1). It could be possible that complete rings via alterations in
regional mitral leaflet stiffness may accelerate the anterior leaflet opening and closing
motion as postulated earlier by Sacks et al. [9].

In a recent analysis, Ryan et al. demonstrated that flat versus saddle-shaped annuloplasty
rings have different affects on the curvature of the anterior mitral leaflet in the closed valve
[5]. 3-D transesophageal echocardiography revealed that both a saddle-shaped ring
(Medtronic 3-D Profile) and an Edwards Physio ring altered 3-D leaflet curvature. In the
present study, we looked at geometric changes only along the central meridian of the
leaflets. Ring implantation may have altered the geometry of the leaflets in the commissural
regions. It is of note that the systolic position of the leaflet edge markers (#A1 and #P4) is
only affected by the GEO ring, with the edge region bending more acutely (concave to the
LV). This suggests that the effects of the saddle shape on the leaflet curvature may be less
than previously assumed. The observed shape change with GEO appeared to be more due to
a mechanical effect resulting from the inward displacement of the posterior mitral leaflet
(note the dog-bone design of the GEO includes a disproportionate downsizing of the annular
septal-lateral dimension by ~25-40% [21]) rather than as a consequence of alterations in the
saddle-shape of the mitral annulus.

In our study, the distance between the edge of the anterior mitral leaflet and the LV septum
at end-diastole and during the closing motion of the mitral valve were smaller with
PHYSIO, ETL and GEO, but not with COS or RSAR. These findings could have
implications with respect to the postoperative risk of systolic anterior leaflet motion. While
many investigators hypothesize that increased flow velocities in the LV outflow tract create
a Venturi effect [22] the precise mechanism is debated. Cross-sectional echocardiography of
HCM patients demonstrated that systolic anterior leaflet motion began before ventricular
ejection commenced [23]. Anterior and inward displacement of the papillary muscles [24],
and elongation of the valve leaflets [25] have been reported as risk factors, both creating
slack in the leaflets, allowing them to stray into the outflow tract. Consequently, a decreased
distance between anterior mitral leaflet and LV septum at end-diastole may pose a risk for
systolic anterior motion. Since this dimension was decreased with PHYSIO, ETL and GEO,
which all have a flat anterior ring portion, preserving a saddle-shape by implanting the
RSAR or COS could decrease the risk of postoperative systolic anterior mitral leaflet motion
especially in patients with elongated leaflets and preserved LV function.

Limitations of the study

First, all rings were implanted in hearts with healthy LV’s and normal leaflets, which is
quite different than the usual clinical situation. The observations from this study can
therefore not directly be extrapolated to patients with functional/ischemic mitral
regurgitation. Furthermore, in patients with diseased (e.g., Barlow’s) valves, the effects of
these rings on leaflet motion and geometry may be different. In addition, no reconstructive
procedures were performed on the posterior mitral leaflet (e.g. leaflet resection) which is
common practice in patients with valve prolapse. Such procedures likely affect the dynamic
motion of the posterior mitral leaflet. Second, the ring implantation method was different
from current clinical practice. It cannot be estimated if and how this technique may have
affected our results. We feel that the strength of this method (i.e., allowing paired
comparisons), however, outweighs its potential drawbacks. Third, no mitral regurgitation
occurred. Whether or not the 3-D shape of the ring implanted affects the risk of systolic
anterior leaflet motion in patients has therefore yet to be proven. Fourth, data were only
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reported from the central meridian of both leaflets. The effects of rings on leaflet motion
close to the commissures therefore needs further investigation. Lastly, an ovine experimental
model was used. Caution therefore needs to be exercised before extrapolating these findings
to man.

Conclusions

All rigid, complete annuloplasty rings (RSAR, PHYSIO, ETL and GEQ), but not the
flexible incomplete band (COS), increased the excursion of the anterior mitral leaflet
annular and belly region suggesting higher bending stresses with rigid rings, which
potentially could be deleterious with respect to long-term repair durability. The decreased
excursion of the posterior mitral leaflet observed with GEO might possibly hinder LV
filling. Only GEO changed the geometry of the central meridian of the anterior mitral leaflet
in the closed valve, most likely due to the radical inward displacement of the posterior mitral
leaflet that results from its significant disproportionate septal-lateral downsizing. PHYSIO,
ETL and GEO, but not COS and RSAR, decrease the end-diastolic distance of the anterior
mitral leaflet to the LV septum, suggesting that preservation of a natural annular saddle
shape could be important to minimize the risk of postoperative systolic anterior leaflet
motion. Future clinical studies are needed to determine whether these findings translate to
patients.

Video 1: Animation of mean 2-D positions of the anterior and posterior mitral leaflet
markers and mitral annular markers #17 and #19 for all five ring groups during the cardiac
cycle.
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MAX

Fig 1.

A: Array of mitral annular (MA), anterior (#A1—#A,) and posterior (#P1—#P,) mitral leaflet
markers; B: Determination of regional anterior and posterior mitral leaflet angles; C:
Calculation of regional excursion angles; D: Assessment of anterior mitral leaflet edge (#A1)
to LV septum distance.
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Minimum (triangles) and maximum (circles) regional anterior (A-D) and posterior (E-F)
mitral leaflet angles in the five ring groups with (open symbols) and without (closed
symbols) the respective ring inserted. Asterisks indicate that leaflet excursion (maximum
minus minimum leaflet angle, see METHODS) for the respective leaflet angle is
significantly smaller (p<0.05) compared to CTRL (see Table 2).
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Fig 3.

Distance from anterior mitral leaflet (AML) to LV septum (circles), as well as inter-leaflet
distance (lines) plotted throughout the cardiac cycle around end diastole (ED) for COS (A),
RSAR (B), PHYSIO (C), ETL (D) and GEO (E) with (open symbols, dotted line) and
without (closed symbols, solid line) the annuloplasty ring inserted.
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3-D marker coordinates of mitral annular saddlehorn (#17) and mid-lateral markers (#19), as
well as anterior and posterior mitral leaflet markers plotted onto the xy-plane at mid-systole
(left column) and at maximum opening (right column) with the saddlehorn marker as the
origin of a right-handed cartesian coordinate system (see methods for details). Data are
mean values from all animals (A: COS (n=12), B: RSAR (n=12), C: PHYSIO (n=12), D:

ETL (n=10), E: GEO (n=12)).
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