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Undersized mitral ring annuloplasty is widely
employed for patients with chronic functional mitral
regurgitation (FMR) and ischemic mitral regurgitation
(IMR) due to idiopathic or ischemic cardiomyopathy.
Besides decreasing mitral regurgitation (MR), annulo-
plasty is thought to improve global left ventricular
(LV) geometry (decrease sphericity), thereby favorably
influencing myocardial stresses and strains, which
may promote LV reverse remodeling (1,2). Altered

myocardial strain patterns, which have been linked
with myocyte apoptosis (3-5) and disruption of the
extracellular matrix secondary to the activation of
matrix metalloproteinases (6-8), may be important fac-
tors favoring post-infarction LV remodeling (9-13). The
results of recent experiments have shown that an
undersized annuloplasty can alter global LV shape by
reducing LV circumferential radii of curvature at the
basal, equatorial and apical levels, possibly lowering
LV wall stress (14), but regional transmural LV wall
strain data after mitral annuloplasty are non-existent.

The present study was designed to test the hypothe-
sis that annuloplasty alters regional transmural LV sys-
tolic and remodeling strains. To accomplish this goal,
transmural beadsets were implanted in two LV regions
to examine four-dimensional (4-D) transmural LV bio-
mechanics during reversible acute reduction of mitral
annular dimensions in the normal sheep heart.
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Background and aim of the study: Undersized mitral
annuloplasty has been widely employed for patients
with ischemic mitral regurgitation. Beyond correc-
tion of mitral regurgitation, ring annuloplasty is pos-
tulated to normalize global left ventricular (LV)
shape, thereby decreasing LV wall stress and pro-
moting reverse LV remodeling. The effect of under-
sized annuloplasty on regional transmural LV wall
thickening and strain patterns, however, has not
been examined.
Methods: In nine sheep, transmural radiopaque
beadsets were inserted into the anterobasal and
equatorial lateral LV walls, with additional markers
silhouetting the left ventricle and mitral annulus.
Four-dimensional marker dynamics were studied
with biplane videofluoroscopy (open-chest) before
and after tightening a Paneth-type mitral annulo-
plasty suture. LV volumes, mitral dimensions, trans-
mural circumferential, longitudinal, and radial
systolic strains, and end-diastolic (ED) and end-sys-
tolic (ES) remodeling strains in the two LV regions
were computed.

Results: In the anterobasal LV wall close to the mitral
annulus, annuloplasty increased ED wall thickness
and surprisingly reduced systolic radial strain (wall
thickening) at all transmural depths. Radial subepi-
cardial, midwall, and subendocardial wall-thicken-
ing strains at ES in the anterobasal LV site were 0.25
± 0.15, 0.33 ± 0.16, and 0.47 ± 0.29, respectively, before
tightening the suture annuloplasty, compared to 0.13
± 0.12, 0.15 ± 0.18, and 0.20 ± 0.26 after tightening. In
the equatorial lateral LV wall further away from the
annulus, most LV transmural systolic and remodel-
ing strains did not change.
Conclusion: Simulated undersized annuloplasty
acutely decreased transmural systolic LV wall thick-
ening in the anterobasal region, without substantial-
ly affecting transmural deformations in the lateral LV
wall. These acute effects of undersized annuloplasty
require a better understanding as they may poten-
tially be deleterious, and a direct ventricular
approach may be needed as an adjunct to promote
reverse LV remodeling.
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Materials and methods

Animals
Nine sheep adult male Dorsett hybrid sheep (mean

body weight 68 ± 5 kg; McGrew Farm, California,
USA) were used in these studies. All animals received
humane care in compliance with the Principles of
Laboratory Animal Care formulated by the National
Society for Medical Research and the Guide for Care and
Use of Laboratory Animals prepared by the National
Academy of Sciences and published by the National
Institutes of Health (DHEW NIHG publication 85-23,
revised 1985). This study was approved by the
Stanford Medical Center Laboratory Research Animal
Review Committee and conducted according to
Stanford University policy.

Surgical preparation
The surgical preparation and marker data acquisi-

tion methods for these experiments have been
described in detail previously (14,15), and therefore
will only be briefly mentioned here. Through a left tho-
racotomy, 13 subepicardial radiopaque markers surgi-
cally implanted in each sheep in order to silhouette the
LV chamber (Fig. 1). Epicardial echocardiography was
used to locate and measure the thickness of the mid-
lateral equatorial LV wall between the papillary mus-

cles and another site in the anterobasal LV wall basal to
the anterior papillary muscle insertion. Three trans-
mural columns of beads (four beads each, Fig. 1) were
then implanted into these two regions using a bead
insertion trochar oriented normal to the local epicar-
dial tangent plane. With the animal on cardiopul-
monary bypass (CPB), eight radiopaque markers were
implanted around the mitral annulus and one marker
at each of the mitral leaflet edges. A modified Paneth-
Burr annuloplasty suture was then inserted using a
double-armed 2-0 polypropylene suture anchored at
the left fibrous trigone, suturing around the anterior
annulus with pledgets, and exteriorized at the mid-lat-
eral annulus using a tourniquet on the epicardial sur-
face (Fig. 2). A second suture starting at the right
fibrous trigone around the posterior annulus was exte-
riorized on another tourniquet. The animal was
weaned from CPB and a micromanometer pressure
transducer (PA4.5-X6; Konigsberg Instruments, Inc.)
was placed in the ventricle through the apex.

Marker data acquisition
Immediately postoperatively, each animal was taken

to the cardiac catheterization laboratory and studied
opened-chest, intubated, mechanically ventilated, and
anesthetized with isofluorane (1-2.5%). With the heart
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Figure 1: Locations of the LV epicardial markers, LV lateral equatorial and anterior basal transmural beadsets, mitral
annulus, and leaflet markers. X1, X2, and X3 represent the circumferential, longitudinal, and radial cardiac axis, respectively.



in normal sinus rhythm and ventilation arrested at
end-expiration, simultaneous biplane videofluo-
roscopy (60 Hz), electrocardiogram, and LV and aortic
pressures were recorded during steady-state baseline
conditions before (Control) and after annular suture
pull (ASP) tightening both annular sutures until resist-
ant. Transesophageal echocardiography was used to
monitor flow across the mitral valve, and no mitral
stenosis or significant changes in gradients across the
mitral valve were noted after suture annuloplasty
tightening. The decrease in annulus size was con-
firmed by the change in distance between the annulus
radiopaque markers - that is, mid-septal and mid-lat-
eral markers, and anterior and posterior commissures
markers. Marker coordinates from the two radi-
ographic views were subsequently digitized and
merged to yield three-dimensional (3-D) coordinates
for each radiopaque marker every 16.7 ms.

Hemodynamics and cardiac cycle timing
These procedures have been reported previously in

detail by Cheng et al. (15). Three consecutive steady-
state beats in sinus rhythm were selected for analysis
for Control and ASP conditions from each study. The
instantaneous left ventricular volume (LVV) was cal-
culated every 16.7 ms from the 3-D coordinates of the
epicardial LV markers (Fig. 1) by summing the vol-
umes of multiple space-filling tetrahedra. For each car-
diac cycle, end-diastole (ED) was defined as the
videofluoroscopic frame immediately prior to the
upstroke of the LV pressure curve, defined as LV
dP/dt > 120 mmHg/s. End-systole (ES) was defined as

the videofluoroscopic frame when LV d2P/dt2 changed
sign from minus to plus.

Cardiac systolic strains
Strains were reported at 20, 50, and 80% depths from

the epicardium, with ED as the reference configuration
and ES as the deformed configuration. The detailed
strain analysis methodology has been described previ-
ously (15). Briefly, a local LV long axis was defined by
using the centroid of the three 1.7-mm epicardial sur-
face beads atop the bead columns and the apical mark-
er (Fig. 1), with local cardiac coordinates aligned with
the circumferential (X1), longitudinal (X2), and radial
(X3) axes of the LV lateral wall. Strains were interpolat-
ed along the centroid of the bead columns at 1% incre-
ments of wall depth from the epicardium at ED. For
each beat, bead positions at ES (deformed configura-
tion) at 20, 50, and 80% wall depth were compared
with their positions at ED (reference configuration). In
cardiac coordinates (X1, X2, X3), the three normal strain
components measured local myocardial stretch or
shortening along the circumferential (E11), longitudinal
(E22), and radial (E33) cardiac axes. Radial (E33) systolic
cardiac strain represented systolic wall thickening. The
three shear strains (E12, E13, and E23) represented angle
changes between pairs of the originally orthogonal
coordinate axes.

End-diastolic and end-systolic cardiac remodeling
strains

End-diastolic cardiac remodeling strains were
obtained for each heart by comparing bead positions
(in cardiac coordinates) at ED from the control study
(reference configuration, Control) with the bead posi-
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Figure 2: Illustration of the modified Paneth-Burr type
suture annuloplasty. The 2-0 double armed polypropylene
sutures were anchored at the each fibrous trigone, sutured
around the mitral annulus, and exteriorized through the

mid-lateral annulus to adjustable tourniquets. (Illustration
adapted from Tibayan et al. (14).)

Table I: Mitral annular dimensions during control and
annular suture pull (ASP) conditions.

Parameter Control ASP

S-L diameter at ES (cm) 2.48 ± 0.21 2.01 ± 0.14*

C-C diameter at ES (cm) 3.60 ± 0.46 2.95 ± 0.42*

S-Lmax (cm) 2.64 ± 0.34 2.10 ± 0.16
*

C-Cmax (cm) 3.88 ± 0.43 3.09 ± 0.42*

S-Lmin (cm) 2.39 ± 0.19 1.96 ± 0.14*

C-Cmin (cm) 3.56 ± 0.43 2.90 ± 0.43*

Values are group mean ± SD from nine hearts.
p-values from two-tailed paired t-test of control data
compared with ASP data; *p <0.05.
C-C diameter at ES: Commissure-commissure annular
diameter at end-systole; C-Cmax: Maximum commissure-
commissure annular diameter; C-Cmin: Minimum
commissure-commissure annular diameter; S-L diameter at
ES: Septal-lateral annular diameter at end-systole; S-Lmax:
Maximum septal-lateral annular diameter; S-Lmin: Minimum
septal-lateral annular diameter.



tions at ED during suture annuloplasty cinching
(deformed configuration, ASP). End-systolic remodel-
ing cardiac strains were obtained for each heart by
comparison of bead positions at ES (in cardiac coordi-
nates) from the control study (reference configuration)
with the bead positions at ES during tightening of the
suture annuloplasty (deformed configuration). In car-
diac coordinates (X1, X2, X3), the three normal remodel-
ing strain components measure the change in
configuration (Control versus ASP) along the circum-
ferential (E11), longitudinal (E22), and radial (E33) car-
diac axes. Radial (E33) remodeling strain represented
change of radial wall thickness from Control to ASP
configuration. The three shear strains (E12, E13, and E23)
represented angle changes between pairs of the origi-
nally orthogonal coordinate axes from Control to ASP
configuration.

Mitral annular dimensions and dynamics
The commissure-commissure mitral annular diame-

ter was calculated as the distance between the markers
at the anterior commissure and posterior commissure
in 3-D space (Fig. 1). Septal-lateral annular diameter
was calculated as the distance between the septal and
mid-lateral annular marker in 3-D space.

Statistical analysis
Cardiac strains were compared using two-way

repeated measures ANOVA with Holm-Sidak pairwise
multiple comparisons (Sigmastat 3.11, SPSS, Inc.,
Chicago, IL, USA). Data were reported as mean ± SD.
ED and ES strains were compared to zero using a one-
sample t-test. Group mean annular dimensions and
dynamics were compared between baseline and ASP
using two-tailed t-test for paired observation. A p-value
<0.05 was considered to be statistically significant.
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Table II: Transmural anterobasal LV wall systolic cardiac strains at three levels.

Strain/ 20% depth 50% depth 80% depth
shear _______________________ _______________________ ______________________

Control ASP Control ASP Control ASP

E11 -0.08 ± 0.08 -0.06 ± 0.06 -0.11 ± 0.09 -0.08 ± 0.06 -0.12 ± 0.08* -0.07 ± 0.09
E22 -0.09 ± 0.04 -0.05 ± 0.03 -0.09 ± 0.08 -0.06 ± 0.05 -0.06 ± 0.19 -0.03 ± 0.08
E33 0.25 ± 0.15+,* 0.13 ± 0.12 0.33 ± 0.16 ‡,§ 0.15 ± 0.18 0.47 ± 0.29§ 0.20 ± 0.26
E12 -0.01 ± 0.03 -0.01 ± 0.02 -0.00 ± 0.04 0.01 ± 0.02 0.02 ± 0.10 0.04 ± 0.06
E23 0.04 ± 0.09+ 0.03 ± 0.05 0.10 ± 0.09‡ 0.07 ± 0.04 0.20 ± 0.21* 0.11 ± 0.06
E13 -0.02 ± 0.06 0.00 ± 0.04 -0.03 ± 0.08 -0.01 ± 0.04 -0.04 ± 0.16 -0.00 ± 0.09

Values are group mean ± SD from eight hearts.
End-diastole is reference configuration; end-systole is deformed configuration.
*, p <0.05 Control versus ASP at the same wall depth; §, p <0.005 Control versus ASP at the same wall depth; +, p < 0.05 control
cardiac strain 20% vs. 80%; ‡, p <0.07 control cardiac strain 50% versus 80%; from two-way repeated measures ANOVA with
Holm-Sidak pairwise multiple comparisons. Depth measured as a percentage of the radial distance from the epicardial bead to
the most subendocardial bead.
E11: Circumferential strain; E22: Longitudinal strain; E33: Radial strain; E12: Circumferential-longitudinal shear; E23: Longitudinal-
radial shear; E13: Circumferential-radial shear.

Table III: Changes in transmural LV wall end-diastolic cardiac remodeling strains in the anterobasal region.

Strain/ Control to ASP conditions
shear ____________________________ ____________________________ _________________________

20% depth p-value 50% depth p-value 80% depth p-value

E11 0.01 ± 0.07 0.58 -0.01 ± 0.08 0.70 -0.04 ± 0.06 0.08
E22 0.00 ± 0.03 0.81 -0.04 ± 0.04 0.02 -0.06 ± 0.08 0.06
E33 0.12 ± 0.09 0.006 0.18 ± 0.1 0.001 0.25 ± 0.13 0.001
E12 0.01 ± 0.03 0.38 0.00 ± 0.03 0.68 0.00 ± 0.03 0.94
E23 0.01 ± 0.04 0.49 0.01 ± 0.05 0.63 0.02 ± 0.10 0.65
E13 0.01 ± 0.04 0.47 0.02 ± 0.04 0.19 0.03 ± 0.06 0.18

Values are group mean ± SD from eight hearts.
ED at reference configuration (Control); ED at deformed configuration (ASP).
p-values from two-tailed paired t-test compared with zero. Depth measured as a percentage of the radial distance from the
epicardial bead to the most subendocardial bead. Strain and shears as defined in Table II.



Results

The changes in mitral annular dimensions between
control and ASP conditions are summarized in Table I.
ASP decreased both the septal-lateral and the commis-
sure-commissure mitral annular dimensions by
approximately 18-20%, as expected.

Systolic cardiac strains in the anterobasal LV wall
(ED reference configuration; ES deformed configura-
tion) are summarized in Table II, with data presented

at each of three transmural depths: 20% (subepicar -
dium), 50% (midwall), and 80% (subendocardium).
Simulated annuloplasty reduced systolic radial wall
thickening (E33) in the anterobasal LV wall closer to the
mitral annulus at all transmural depths; ASP also
affected the transmural wall thickening gradient
(greatest in the subendocardium and least in the
subepicardium), longitudinal-radial shear strains at all
wall depths, and endocardial circumferential shorten-
ing decreased in the anterobasal region.
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Figure 3: Anterobasal LV radial wall thickening cardiac strain (E33) at 20% (subepicardium), 50% (midwall), and 80%
(subendocardium) wall depth from the epicardial surface plotted against time before (Control) and after (ASP) tightening of

the adjustable annuloplasty suture. The thin line indicates LV pressure (LVP) plotted versus time.
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The cardiac ED and ES remodeling strains in the
anterobasal LV region are summarized in Tables III
and IV, respectively. Wall thickness (E33 remodeling
strain) at ED was significantly increased with ASP at
all transmural depths, and wall thickening increased
only slightly at ES (4% in the midwall, 5% in the suben-
docardium). Taken together, these changes explain the
fall in systolic wall thickening near the annulus in the
anterobasal LV wall.

The group mean radial wall thickening strains (E33)
throughout the cardiac cycle at the three wall depths in
the anterobasal and lateral equatorial LV regions are
illustrated in Figure 3. Systolic transmural radial wall
thickening fell during annuloplasty (ASP). It should be
noted that the Control values of E33 were much larger
in the anterobasal region compared to the lateral wall,
such that ASP reduced anterobasal E33 to the lower
range observed in the lateral equatorial region during
both Control and ASP conditions.

The systolic cardiac strains in the equatorial lateral

LV wall are summarized in Table V. Being further away
from the annulus, no significant changes in systolic
cardiac normal strain or shear strain occurred in this
region after tightening suture annuloplasty. In this
equatorial lateral region, annuloplasty tightening
increased transmural longitudinal ED remodeling
strain (3%) and subendocardial ES remodeling strain
(6%), which indicated that ASP lengthened the lateral
equatorial wall slightly at ED and ES. However, ASP
did not affect the other cardiac normal or shear remod-
eling strains either at ED or ES (Tables VI and VII).

Discussion

Undersized mitral ring annuloplasty is offered to
selected patients with dilated or ischemic cardiomy-
opathy who also have chronic FMR or IMR.
Undersized annuloplasty has been shown to optimize
LV geometry and decrease LV sphericity, and hence
may potentially reduce LV wall stress (1,2,16). Tibayan
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Table IV: Changes in transmural LV wall end-systolic cardiac remodeling strains in the anterobasal region.

Strain/ Control to ASP conditions
shear _________________________ _________________________ _________________________

20% depth p-value 50% depth p-value 80% depth p-value

E11 0.03 ± 0.04 0.08 0.03 ± 0.03 0.04 0.04 ± 0.07 0.13
E22 0.04 ± 0.02 0.0002 0.00 ± 0.04 0.92 0.01 ± 0.05 0.61
E33 0.03 ± 0.04 0.10 0.04 ± 0.05 0.048 0.05 ± 0.046 0.01
E12 0.01 ± 0.02 0.13 0.01 ± 0.03 0.33 -0.01 ± 0.03 0.18
E23 -0.01 ± 0.03 0.45 -0.01 ± 0.03 0.27 -0.01 ± 0.03 0.25
E13 0.02 ± 0.03 0.04 0.03 ± 0.03 0.02 0.03 ± 0.05 0.10

Values are group mean ± SD from eight hearts.
ED at reference configuration (Control); ES at deformed configuration (ASP).
p-values from two-tailed paired t-test compared with zero. Depth measured as a percentage of the radial distance from the
epicardial bead to the most subendocardial bead. Strain and shears as defined in Table II.

Table V: Transmural LV wall systolic cardiac strains in the equatorial lateral region.

Strain/ 20% depth 50% depth 80% depth
shear _______________________ _______________________ ______________________

Control ASP Control ASP Control ASP

E11 -0.06 ± 0.05* -0.04 ± 0.05* -0.09 ± 0.06+ -0.08 ± 0.05+ -0.16 ± 0.08 -0.15 ± 0.07
E22 -0.01 ± 0.03 -0.01 ± 0.03 -0.05 ± 0.04 -0.05 ± 0.04 -0.11 ± 0.03 -0.10 ± 0.05
E33 0.13 ± 0.03* 0.11 ± 0.05* 0.20 ± 0.11+ 0.18 ± 0.09+ 0.30 ± 0.24 0.27 ± 0.19
E12 0.04 ± 0.03 0.04 ± 0.03 0.06 ± 0.03 0.06 ± 0.04 0.07 ± 0.05 0.07 ± 0.05
E23 0.04 ± 0.06 0.03 ± 0.05 0.02 ± 0.04 0.02 ± 0.04 -0.01 ± 0.10 -0.00 ± 0.08
E13 0.03 ± 0.05 0.02 ± 0.05 0.06 ± 0.05 0.04 ± 0.05 0.10 ± 0.06 0.07 ± 0.05

Values are group mean ± SD from eight hearts.
End-diastole is reference configuration; end-systole is deformed configuration.
*p <0.05 cardiac strain 20% vs. 80%; +p < 0.05 control cardiac strain 50% vs. 80%.
From two-way repeated measures ANOVA with Holm-Sidak pairwise multiple comparisons. Depth measured as a percentage
of the radial distance from the epicardial bead to the most subendocardial bead. Strain and shears as defined in Table II.



et al. (14), from the present authors’ laboratory,
showed that simulated mitral annuloplasty decreased
LV circumferential radii of curvature at the basal,
equatorial, and apical levels which, according to the
law of La Place, should reduce LV wall stress. Precise
regional transmural LV wall strains, however, have not
been measured before and after undersized mitral
annuloplasty.

The ability to alter myocardial strains favorably is
important for any surgical approach aimed at promot-
ing reverse LV remodeling. Altered wall strain is asso-
ciated with the production of inflammatory cytokines
and reactive oxygen species, which in turn stimulate
myocyte apoptosis, matrix metalloproteinases activa-
tion causing extracellular matrix disruption, and fibro-
sis, which are triggers catalyzing further global LV
dilatation, shape change and remodeling. Altered wall
strain has also been proposed to be linked with infarct
extension, which can initiate LV remodeling (9,10).
Regional LV dysfunction, which initially is localized to
the infarct, extends to the remainder of the ventricle

and converts normally perfused myocardium into dys-
functional myocardium. Jackson et al. (10) showed that
shear strain alterations occur both in myocardium
adjacent to and remote from the infarct myocardium in
a chronic model. Progressive LV dilatation and LV
chamber sphericalization can lead to increased
myocyte stretching; subsequently, the heart may enter
into an adverse positive feedback loop of dilatation
and further exaggerated wall stress.

Despite the current popularity of undersized mitral
annuloplasty, recent clinical studies in patients with
IMR have shown that MR frequently recurs secondary
to ongoing and progressive LV remodeling (17-20),
with suboptimal mid-term survival (21-23). Recurrent
MR is often due to continued LV remodeling and glob-
al dilatation, further papillary muscle displacement,
and more leaflet apical tethering. The effects of under-
sized annuloplasty on LV wall strain are germane to
assess whether this can reverse LV wall remodeling
sufficiently by preventing strain alteration in infarct
extension and/or activation of injurious neurohu-
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Table VI: Changes in transmural LV wall end-diastolic cardiac remodeling strains in the equatorial lateral region.

Strain/ Control to ASP
shear ________________________ ________________________ ________________________

20% depth p-value 50% depth p-value 80% depth p-value

E11 0.00 ± 0.02 0.95 -0.00 ± 0.02 0.63 -0.00 ± 0.04 0.95
E22 0.03 ± 0.02 0.0046 0.03 ± 0.02 0.023 0.03 ± 0.03 0.024
E33 0.05 ± 0.07 0.11 0.05 ± 0.09 0.21 0.05 ± 0.14 0.37
E12 0.01 ± 0.01 0.23 -0.00 ± 0.01 0.86 -0.01 ± 0.03 0.22
E23 0.01 ± 0.03 0.63 0.01 ± 0.03 0.52 0.00 ± 0.03 0.81
E13 -0.01 ± 0.02 0.12 -0.00 ± 0.01 0.4 -0.00 ± 0.01 0.48

Values are group mean ± SD from eight hearts.
ED at reference configuration (Control); ED at deformed configuration (ASP).
p-values from two-tailed paired t-test compared with zero. Depth measured as a percentage of the radial distance from the
epicardial bead to the most subendocardial bead. Strain and shears as defined in Table II.

Table VII: Changes in transmural LV wall end-systolic cardiac remodeling strains in the equatorial lateral region.

Strain/ Control to ASP
shear ________________________ ________________________ ________________________

20% depth p-value 50% depth p-value 80% depth p-value

E11 0.02 ± 0.03 0.20 0.02 ± 0.02 0.13 0.02 ± 0.04 0.17
E22 0.02 ± 0.04 0.21 0.02 ± 0.05 0.29 0.06 ± 0.06 0.048
E33 0.03 ± 0.05 0.12 0.03 ± 0.07 0.26 0.03 ± 0.10 0.48
E12 -0.00 ± 0.03 0.87 -0.00 ± 0.03 0.88 -0.02 ± 0.03 0.11
E23 -0.00 ± 0.03 0.89 -0.01 ± 0.02 0.24 -0.02 ± 0.05 0.22
E13 -0.02 ± 0.02 0.045 -0.01 ± 0.02 0.42 0.02 ± 0.04 0.28

Values are group mean ± SD from eight hearts.
ES at reference configuration (Control); ES at deformed configuration (ASP).
p-values from two-tailed paired t-test compared with zero. Depth measured as a percentage of the radial distance from the
epicardial bead to the most subendocardial bead. Strain and shears as defined in Table II.



moral cascades.
After simulation of an undersized annuloplasty, the

LV wall at ED in the anterobasal region was thicker (E33

remodeling strain) and had less systolic wall thicken-
ing (E33 systolic strain). This implies indirectly that the
overcorrection of mitral annular dimensions has an
adverse effect on LV systolic function in the basal LV
region near the annulus. Previous studies have shown
that annuloplasty rings abolish normal mitral annular
dynamics (24) and restrict the posterior mitral leaflet
closing motion (25). It will be of concern if undersized
annuloplasty is confirmed to have an adverse effect on
basal LV wall thickening mechanics in human subjects.
The inhibition of basal systolic function may further
contribute to the continued LV remodeling and global
dilatation in patients after surgical repair of IMR. Both
the mitral septal-lateral and commissure-commissure
dimensions were reduced by 20% in this experiment.
The newer annuloplasty rings, with more aggressive
downsizing, such as the Edwards IMR ETlogix and
Geoform rings and St. Jude Medical Rigid Saddle ring
(RSR) which disproportionally downsized the mitral
septal-lateral annular dimension, on basal LV wall
thickening are unknown and will require further
study.

In the present study, the effects of undersized annu-
loplasty on transmural LV strain patterns in two dif-
ferent regions were explored in order to evaluate its
potential effects in terms of reverse LV remodeling.
Undersized annuloplasty decreased endocardial longi-
tudinal-radial shear strain in the anterobasal region;
however, further away from the mitral annulus, it did
not affect systolic strains and increased longitudinal
ED and ES remodeling normal strain only slightly in
the equatorial lateral LV wall. Hence, in this simulated
acute model of undersized annuloplasty in the normal
sheep heart, annular reduction has different effects on
myocardial strains in these two LV regions. Ischemic
mitral regurgitation is a manifestation of myocardial
infarction and subsequent infarction-induced LV
remodeling. However, the correction of MR by under-
sized annuloplasty, as suggested in the present experi-
ment, may not be sufficient to correct strain
perturbation in myocardium away from the mitral
annulus. Previous studies have suggested that MR
may only be a manifestation of ventricular remodeling
in IMR (26). A direct ventricular approach to reduce
wall stress will probably be necessary as an adjunct to
promote reverse remodeling. The results of other stud-
ies (11,12) have shown that alteration in cardiac strains
occurred and persisted after myocardial infarction in
LV remodeling. Alterations in shear strain (longitudi-
nal-radial and circumferential-radial) were noted in
both the regions adjacent to and remote from the
infarcted myocardium (11). Based on the results of the

present study, and because undersized annuloplasty
did not alter systolic cardiac strains and remodeling
strains further from the annulus at the equatorial level,
it is conjectured that undersized annuloplasty alone
would not be sufficient to correct the increased shear
strains as seen in the chronic model. A combined ven-
tricular surgical approach plus ring annuloplasty
might therefore be necessary to repair annular dilata-
tion, leaflet tethering, and altered shear strains, as
observed in chronic IMR or FMR. Further investigation
of these issues is needed. Multiple surgical ventricular
approaches aimed at promoting reverse LV remodel-
ing have been proposed (26-29), and treatments that
directly change LV shape and wall stress appear to be
potentially important. For example, a randomized clin-
ical trial has recently shown encouraging results using
passive ventricular constraint (Acorn CorCap cardiac
support device (CSD); Acorn Cardiovascular, St. Paul,
MN, USA) as an adjunct to mitral valve repair or
replacement in patients with congestive heart failure
(CHF) and FMR due to non-ischemic etiologies (30) by
demonstrating that a CSD plus ring annuloplasty
resulted in progressively smaller LV ES and ED vol-
umes and a more elliptical LV shape over time.
Combined surgical treatment also reduced the need for
major cardiac procedures and improved the patients’
quality of life. Experimental studies have also demon-
strated a beneficial effect of CSD in reducing CHF pro-
gression in animal models of CHF (31-34).

The possible deleterious effect of annuloplasty in
terms of LV anterobasal wall systolic thickening along
with no discernable reverse remodeling in the LV
equatorial wall in this acute experiment should be con-
sidered in the design of newer surgical interventions.
A direct ventricular procedure to minimize transmural
LV strain perturbations remote from the LV base is
probably needed as an adjunct to undersized annulo-
plasty to promote reverse LV remodeling.

Study limitations
Several limitations are inherent in this experiment,

and the results of this acute open-chest experiment in
normal sheep hearts cannot be applied strictly to the
clinical scenario of chronic IMR or FMR in human
patients with CHF.

Ischemia or infarction was not induced in this study
in order to allow examination of the isolated effects of
simulated annuloplasty on myocardial strains. A
recent study from the present authors’ laboratory has
shown that myocardial infarction causes shear strain
alterations in both regions adjacent to and remote from
the infarct (11). It should be noted, however, that the
systolic and remodeling cardiac strain data in this
acute study was very similar to those in a previously
reported chronic model (11).
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In the present experiment, the effect of reversible
simulated undersized mitral annuloplasty was only
examined in order to allow direct comparison of base-
line and annuloplasty data in the same hearts. Future
investigations are needed to examine different annulo-
plasty (especially rigid) rings, which may alter systolic
basal wall thickening to an even greater degree. It
should be noted that the septal-lateral and commis-
sure-commissure dimensions with ASP in the present
study were reduced by approximately 18-20%, but
additional experiments are needed to examine annulo-
plasty rings with more aggressive septal-lateral down-
sizing. Disproportional ring downsizing (e.g.,
septal-lateral, which is intrinsic in the design of the
IMR ETlogix, Geoform, and RSR rings) may avoid the
deleterious effect on basal systolic wall thickening and
LV remodeling.

Only two myocardial regions were assessed in this
study. Placement of more than two transmural bead-
sets is difficult to visualize with biplane videofluo-
roscopy throughout the cardiac cycle. Ultimately,
magnetic resonance imaging (MRI) should prove to be
the best method for this type of experiment, as it
allows assessment of the entire ventricle rather than
selected regions; however, the current spatial resolu-
tion of MRI is inadequate to make the required meas-
urements for direct comparison to the presently
observed data. Most reports with MRI have reported
average strain contributions over the entire transmur-
al thickness at each LV site, or have used model
assumptions for each LV wall depth. If the transmural
thickness of the LV wall is 10 mm, and the aim is to
resolve the strains of one third of the wall (3 mm) with-
in 0.05 mm, this would require a spatial resolution of
0.15 mm (0.05 ± 3 mm), which is available in the pres-
ent bead column studies, but not with MRI.
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Meeting discussion

DR. AJIT YOGANATHAN (Atlanta, Georgia, USA):
How long after their placement were the rings
imaged? Was this done immediately?
DR. ALLEN CHENG (Stanford, California, USA): The
sutured annuloplasty was performed in the operating
room, and the sheep were then transferred to the
catheter laboratory. Biplane video fluoroscopy images
were then taken to record the dynamics of the
myocardium before the sutured annuloplasty was
cinched down. We then performed another run, after
the annuloplasty was cinched down again, and the
two were compared.
DR. YOGANATHAN: But was that was done imme-
diately?
DR. CHENG: There was about a 10-minute gap in
between recordings.
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