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Abstract—Approximately one third of all patients undergoing
open-heart surgery for repair of ischemic mitral regurgitation
present with residual and recurrent mitral valve leakage upon
follow up.A fundamental quantitative understanding ofmitral
valve remodeling followingmyocardial infarctionmayhold the
key to improved medical devices and better treatment out-
comes.Herewequantifymitral annular strains and curvature in
nine sheep 5 ± 1 weeks after controlled inferior myocardial
infarction of the left ventricle. We complement our marker-
based mechanical analysis of the remodeling mitral valve by
commonclinicalmeasuresof annular geometrybeforeandafter
the infarct. After 5 ± 1 weeks, the mitral annulus dilated in
septal-lateral direction by 15.2% (p = 0.003) and in commis-
sure-commissure direction by 14.2% (p < 0.001). The septal
annulus dilated by 10.4% (p = 0.013) and the lateral annulus
dilated by 18.4% (p< 0.001). Remarkably, in animals with
large degree of mitral regurgitation and annular remodeling,
the annulus dilated asymmetrically with larger distortions
toward the lateral-posterior segment. Strain analysis revealed
average tensile strains of 25% over most of the annulus with
exception for the lateral-posterior segment, where tensile
strains were 50%andhigher.Annular dilation and peak strains
were closely correlated to the degree of mitral regurgitation. A
complementary relative curvature analysis revealed a homog-
enous curvature decrease associated with significant annular
circularization. All curvature profiles displayed distinct points
of peak curvature disturbing the overall homogenous pattern.
These hinge points may be the mechanistic origin for the
asymmetric annular deformation following inferiormyocardial
infarction. In the future, this new insight into themechanism of
asymmetric annular dilation may support improved device
designs and possibly aid surgeons in reconstructing healthy
annular geometry during mitral valve repair.

Keywords—Mitral annulus, Myocardial infarction, Ischemic

mitral regurgitation, Strain, Curvature, Remodeling.

INTRODUCTION

Themitral valve is one of four heart valves that ensure
unidirectional blood flow through the heart into the
pulmonary and systemic circulation. Located between
the left atrium and the left ventricle, the open mitral
valve enables efficient filling of the left ventricle with
newly oxygenated blood before it closes to allow for
proper ejection of the blood from the left ventricle into
the aorta and eventually into the systemic circulation.30

Dysfunction of the mitral valve drastically reduces
the efficiency of the heart and may be fatal, if
untreated.29 Numerous pathologies are known to
affect mitral valve function; while some may cause
excessive mitral valve narrowing, which impedes
proper left ventricular filling, others may cause mitral
valve leakage.14,38 Leakage of the valve, also known as
mitral regurgitation, may result either from disease to
any of the mitral valve components, or from ventric-
ular distortions that hinder mitral valve closure.19

Ischemic disease of the left ventricle is known to be one
of the causes for ventricular distortions that result in
mitral regurgitation, also known as ischemic mitral
regurgitation.8

Especially in the chronic setting, as the left ventricle
remodels in response to myocardial necrosis and
scarring, displacement of the postero-medial papillary
muscle and of the myocardium surrounding the mitral
valve may result in a force imbalance that initiates a
remodeling process on the valvular level and demobi-
lizes the mitral valve leaflets.16,28 In particular, it is
known that infarcts that include the postero-medial
papillary muscle and the myocardium of the posterior
wall cause dilation of the mitral annulus, especially in
the septal-lateral direction, as well as asymmetric
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dilation at the P3 segment. These changes, together
with leaflet tethering, prevent proper leaflet coaptation
and allow for blood to be ejected in the retrograde
direction from the left ventricle back in the left
atrium.5,23,33

While there are novel devices, techniques, and tech-
nologies under development to address ischemic mitral
regurgitation, mitral valve repair with undersized annu-
loplasty rings remains the gold standard treatment
option.10,15,32 However, with one exception, most
annuloplasty rings have not been developed specifically
for the treatment of ischemic mitral regurgitation.6 This
may be one of the reasons for residual or recurrent mitral
regurgitation in up to 30% of treated patients.8,10,21 A
deepened, quantitative understanding of the effects of
ventricular remodeling on the mitral valve in the setting
of ischemic mitral regurgitation could substantially
improve current device designs and hopefully enhance
treatment outcomes.

While previous studies have investigated the remodeling
process of the mitral annulus using a wide array of tech-
nologies, none of these studies provides a quantitative,
mechanical characterization of the changes in mitral valve
kinematics.11,18,35 The currentmanuscript aims to close this
gap by providing maps of strain and curvature change
along the entiremitral annulusbetween thehealthybaseline
heart and the chronic ischemic heart, in a well-established
ovine model.4,31,36,37 In particular, this manuscript tries to
answer the questions: Which segments of the annulus are
extended to cause annular dilation? Where along the
annulus does the asymmetric distortion of the annulus
originate? Does a mechanical analysis of the remodeling
process support current annuloplasty ring designs?

METHODS AND MATERIALS

Animal Experiments

All animals received humane care in compliance
with the Principles of Laboratory Animals Care for-
mulated by the National Academy of Sciences and
published by the National Institute of Health. This
study is approved by the Stanford Medical Center
Laboratory Research Animals Review Committee and
conducted according to Stanford University policy.

Twenty-fiveDorsetthybrid sheep (71 ± 5 kg)werepre-
medicated with ketamine (25 mg/kg intramuscularly) and
subsequently anesthetized intravenously with sodium
thiopental (6.8 mg/kg IV). Throughout surgery, anesthe-
sia was maintained with inhalational isoflurane (1% to
2.5%). Access to the heart was established via left thorac-
tomy. Polypropylene 2–0 sutures were snared around the
second and third obtuse marginal branches of the left cir-
cumflex coronary artery. Once cardiopulmonary bypass

was established and the heart was arrested, 17 markers
were sewn to the mitral valve, eight to the annulus, five to
the anterior leaflet, and four to the posterior leaflet, see
Fig. 1. Left Ventricular (LV) pressure wasmeasured using
a micromanometer pressure transducer (PA4.5-X6, Ko-
nigsberg Instruments Inc., Pasadena, CA). Once the ani-
mals were taken off cardiopulmonary bypass, the
tourniquets for the coronary artery snares were external-
ized through the fifth intercostal space and buried in a
subcutaneous pocket. Due to respiratory complications
four animals died during this procedure.

Data Acquisition

After 8 ± 2 days, the animals were again taken to the
cardiac catheterization laboratory and intravenously se-
dated with ketamine (1 to 4 mg/kg/h) and diazepam
(5 mg). As before, sedation was maintained with inha-
lational isoflurane (1% to 2.5%). Under baseline condi-
tions, during three consecutive cardiac cycles, marker
locations were acquired via biplane videofluoroscopy
(Philips Medical Systems, Pleasanton, CA). Videofluo-
roscopic images were taken in the right decubitus posi-
tion at a sampling frequency of 60 Hz. Simultaneously,
aortic pressure, LV pressure, and ECG signals were
recorded. After the sheep were medicated with lidocaine
(100 mg IV), bretylium (75 mg IV), and magnesium (3 g
IV), coronary snares were tightened to occlude the second
and third obtuse marginal branches of the left circumflex
coronary artery. Complete vessel occlusion was verified
via angiography. An epinephrine drip was titrated in
order to maintain coronary perfusion pressure above
60 mmHg. Occurring ventricular arrhythmias were
treated with lidocaine (50 to 100 mg IV) and amiodarone
(50 to 150 mg IV). Due to refractory ventricular fibril-
lation, nine sheep died following coronary occlusion.

FIGURE 1. Schematic of the mitral valve with miniature
markers 1–8. Individual posterior scallops are denoted P1–P3.
The middle scallop of the anterior leaflet is denoted A2. The
dashed outline of the lateral-posterior annulus indicates the
location of the inferior infarct caused by ligation of the second
and third obtuse marginal branches of the left circumflex
artery.
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After 5 ± 1 weeks, the remaining animals returned
to the cardiac catherization laboratory. Under chronic
conditions, hemodynamic measurements and biplane
videofluoroscopic recordings of marker coordinates
were taken. Over the period of 5 ± 1 weeks, all but
nine animals had lost significant markers, and were
excluded from the study. The remaining group of
n = 9 animals was selected as the final study group.
Degree of mitral regurgitation was determined via
transesophageal echocadiopgraphy, where regurgitant
jet extent and width were evaluated in a three chamber
view roughly equivalent to a vertical plane in humans.

Off-line, utilizing a semi-automated image process-
ing and digitization software,22 four-dimensional
coordinates vnðtÞ for all n¼ 1; . . . ; 8 annular markers
were obtained and stored for three consecutive heart
beats, under both baseline condition and chronic
condition. End diastolic time points were selected for
all animals and each cardiac cycle as the time frames
immediately before the rapid increase in left ventricu-
lar pressure indicating the beginning of the isovolu-
metric contraction.

Mathematical Model

As previously reported, from the eight four-dimen-
sional marker coordinates vnðtÞ; eight piecewise cubic
Hermitian splines,

cðs; tÞ ¼
X3

i¼0
bi;3ðsÞ biðtÞ; ð1Þ

were created and parameterized in terms of the arc
length s, for every time point t of the three recorded
cardiac cycles.25 Here the Bernstein polynomials of
degree three were defined as follows,

b0;3 ¼ �s3 þ 3s2 � 3sþ 1 b1;3 ¼ 3s3 � 6s2 þ 3s
b3;3 ¼ s3 b2;3 ¼ �3s3 þ 3s2:

ð2Þ

The corresponding Bernstein coefficients,24

b0 ¼ x0ðtÞ b1 ¼ x0ðtÞ þ m0ðtÞ=3
b3 ¼ x1ðtÞ b2 ¼ x1ðtÞ � m1ðtÞ=3;

ð3Þ

were parameterized in terms of the positions x0; x1 and
slopes m0; m1 at the beginning and end point of each
spline segment. These coefficients biðtÞ were deter-
mined for each discrete time point t, by solving a least
squares problem,

X8

n¼1
jjvn � cnðs; tÞjj þ k

Z

s

jjd2scðs; tÞjj
2ds! min: ð4Þ

While the first term minimizes the distance from the
markers positions vn to the spline curve cnðs; tÞ; the
second term minimizes the second derivative d2s cðs; tÞ

of the overall spline, to enforce smoothness through
the penalty parameter k. Linear equality constraints
were applied to ensure C2-continuity.

Clinical Characterization

Common clinical measures of annular geometry are
septal-lateral distance, commissure-commissure dis-
tance, mitral annular area, saddle-height, and septal
and lateral perimeters. To characterize chronic geo-
metric changes of the annulus, the above measures
were calculated under baseline condition and chronic
condition and compared. All clinical measures were
calculated for three consecutive cardiac cycles and
subsequently averaged as previously reported.27

Septal-lateral distance and commissure-commissure
distance were calculated as the distances between the
mid-septal and mid-lateral markers (markers 1 and 5),
and between the anterior commissural and posterior
commissural markers (markers 3 and 7), respectively.
Mitral annular area was calculated as the area enclosed
by the polygon spanned by projections of markers 1
through 8 onto the best fit plane through all annular
markers. Saddle-height was defined as the average
distance between the commissural markers and the
mid-septal marker projected onto the normal to the
best fit plane through all annular markers. Lastly,
septal and lateral perimeters were calculated as the
sums of the distances between the septal markers 8–2
and the lateral markers 2–8, respectively.

Mechanical Characterization

In addition to the above clinical measures,
mechanical measures were calculated to compare the
mechanics of the mitral annulus under baseline con-
dition and chronic condition. In particular, strain and
relative curvature were derived from the mathematical
representation of the mitral annulus to quantify
chronic alterations.

Strain is a measure of the relative displacement of
continuum points along the annular perimeter between
the reference time t0 and the current time t. As a field
quantity, strain allows us to identify, on a local level,
where and to which extent the mitral annulus
undergoes contraction and dilation during the transi-
tion from baseline to chronic condition. To analyze the
deformation of the annulus between baseline condition
and chronic condition, the baseline annulus at end
diastole was chosen as the reference configuration (t0)
and the chronic annulus at end diastole was chosen as
the current configuration (t).2,3,26 The stretch k (s, t) was
computed as the ratio between the lengths of the local
tangent vectors in the current configuration dscðs; tÞ and
in the reference configuration dscðs; t0Þ;
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kðs; tÞ ¼ dscðs; tÞ=dscðs; t0Þ: ð5Þ

The stretch naturally defined the Green-Lagrange
strain E(s, t) along the annulus,

Eðs; tÞ ¼ 1

2
k2 � 1
� �

¼ 1

2
dscðs; tÞ2=dscðs; t0Þ2 � 1
h i

ð6Þ

in terms of the local tangent vectors

dscðs; tÞ ¼
X3

i¼0
dsbi;3ðsÞ biðtÞ; ð7Þ

with the first derivatives of the Bernstein polynomials
(2)

dsb0;3 ¼ �3s2 þ 6s� 3 dsb1;3 ¼ 9s2 � 12sþ 3
dsb3;3 ¼ 3s2 dsb2;3 ¼ �9s2 þ 6s

ð8Þ

and the coefficients biðtÞ determined from the mini-
mization problem (4).

Absolute curvature is a measure of the deviation of
a smooth curve from a straight line. Relative curvature
is defined as the change in curvature a curve undergoes
between two time points, the reference configuration t0
and the current configuration t. It allows us to quantify
the geometric changes the mitral annulus experiences
during its transition from baseline condition to chronic
condition.7,17 Here, the absolute curvature j (s, t) was
calculated along the annulus at end diastole under
baseline condition and chronic condition,

jðs; tÞ ¼ jjdscðs; tÞ � d2s cðs; tÞjj=jjdscðs; tÞjj
3; ð9Þ

and the relative curvature Djðs; tÞ was calculated as the
difference between these two,

Djðs; tÞ ¼ jðs; tÞ � jðs; t0Þ: ð10Þ

The second derivative

d2s cðs; tÞ ¼
X3

i¼0
d2s bi;3ðsÞ biðtÞ ð11Þ

was expressed in terms of the second derivatives of the
Bernstein polynomials (2)

d2s b0;3 ¼ �6sþ 6 d2s b1;3 ¼ 18s� 12

d2s b3;3 ¼ 6s d2s b2;3 ¼ �18sþ 6
ð12Þ

and the coefficients biðtÞ from the minimization prob-
lem (4).

Similar to the clinical measures, strain and relative
curvature fields were calculated for all three cardiac
cycles and subsequently averaged. Furthermore, strain
and relative curvature fields between baseline condi-
tion and chronic condition were quantified individually
for each animal and averaged over all animals. To
isolate the effects of annular remodeling from changes

in myocardial contractility, all clinical and mechanical
metrics were calculated at end diastole, where active
contraction of the surrounding myocardium should be
minimal.

Statistics

All data are reported as mean ± 1 standard devia-
tion (SD). Hemodynamic data and clinical measures of
annular geometry, recorded under baseline condition
and chronic condition, were compared using the non-
parametric Wilcoxon matched signed rank test. Sta-
tistical significance was defined for p-values below
0.05.

RESULTS

Marker coordinates were successfully recorded and
digitized for all nine animals. Visual inspection
revealed no apparent abnormalities in the marker data
such as marker detachment or discontinuities in their
temporal evolution.

Clinical Measures

Table 1 summarizes hemodynamic data for all ani-
mals under baseline and chronic conditions. Statisti-
cally significant difference was found only for heart
rate (HR, p < 0.05), which dropped from baseline
condition to chronic condition.

Table 2 shows the degree of mitral regurgitation
under chronic condition for each animal. Of the nine
animals, two developed severe mitral regurgitation of
degree 4+, one moderate-severe of degree 3+, four
moderate of degree 2+, and two mild of degree 1+.

Table 3 summarizes clinical measures of annular
geometry calculated at end diastole under baseline
condition, under chronic condition, and reported as
percentage changes. Clinical measures of annular
geometry reflect the significant remodeling on the
valvular level following myocardial infarction. Septal-
lateral distance increased significantly (15.2%,
p < 0.01) as well as commissure-commissure distance
(14.2%, p < 0.005). Consequently, mitral annular
area during end diastole increased significantly as well
(35.4%, p < 0.005). Mitral annular remodeling was
also reflected in increases in septal and lateral perim-
eter. Interestingly, septal perimeter (10.4%,
p < 0.005) increased less drastically than lateral
perimeter (18.4%, p < 0.005). In contrast to previous
measures, saddle height decreased following myocar-
dial infarction. However, this change was not statisti-
cally significant.
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Mechanical Measures

Spline representations for all nine annuli were suc-
cessfully computed. The resulting approximating
splines showed smooth contours and no apparent
abnormalities, such as discontinuities. Approximation
errors, i.e., distances between the original markers and
the spline approximations, were checked and found to
lie in the range of the acquisition error.

Strains along the mitral annuli of all nine animals
between end diastole under baseline condition and
chronic condition are illustrated in Fig. 2. The degree
of annular remodeling in terms of strain varied across
the nine animals. This inter-animal variation was also
reflected in varying degree of mitral regurgitation
reported in Table 1. However, across all animals,
strains were predominantly positive, implying that the
annuli were stretched from baseline condition to
chronic condition. Quantitatively, peak strains for the

individual animals ranged from 10 to 100%. On
average, strains were smallest in the septal segment of
the annulus, as low as 5%, and largest in the lateral
segment, as high as 50%. The average location for
peak strain was located in the lateral-posterior segment
of the annulus.

Furthermore, the spline representations of the
individual annuli, black for baseline geometries and
color-coded for chronic geometries, illustrate the geo-
metric changes in mitral valve following myocardial
infarction. While we found significant inter-animal
variation, on average, we observed septal-lateral dila-
tion and asymmetric deformation of the lateral-pos-
terior segment of the annulus outlining the P3 segment.
These characteristics were largely due to contributions
from animals 1 and 3.

As an additional measure of annular mechanics,
relative curvature between baseline condition and
chronic condition at end diastole is shown, see Fig. 3.
Relative curvature was predominantly negative,
implying that the curvature decreased between baseline
condition and chronic condition. All animals showed
distinct points of localized peak relative curvature,
differing significantly from the curvature of the
remaining annulus.

DISCUSSION

Approximately 20–25% of the 6 million Americans
that suffer from myocardial infarction also present
with signs of ischemic mitral regurgitation.6,19,39 With

TABLE 1. Hemodynamic summary (mean 6 1 standard
deviation).

Baseline Chronic

HR* 107 85

(b/min) ±11 ±9

LVPmax 95.4 81.2

(mmHg) ±12.9 ±26.0

LVEDP 16.5 16.8

(mmHg) ±8.0 ±8.8

dP/dt 1207.9 1006.1

(mmHg/s) ±725.9 ±427.6

EDV 204.3 255.3

(ccm) ±125.8 ±113.9

ESV 151.4 179.6

(ccm) ±110.9 ±92.3

Shown are Heart Rate (HR), maximal Left Ventricular Pressure

(LVPmax), Left Ventricular End Diastolic Pressure (LVEDP), dP/dt,

End Diastolic Volume (EDV), and End Systolic Volume (ESV).

Two-way paired Student t test was performed to compare hemo-

dynamics between baseline condition and chronic condition.

* indicates statistically significant difference between baseline

condition and chronic condition with a p-value smaller than 0.05.

TABLE 2. Degree of Mitral Regurgitation (MR) under chronic
condition. Mitral regurgitation was categorized as 0 (none-
trace), 1+ (mild), 2+ (moderate), 3+ (moderate-severe), and 4+

(severe).

Degree of MR

Animal 1 severe MR 4+

Animal 2 moderate-severe MR 3+

Animal 3 severe MR 4+

Animal 4 mild MR 1+

Animal 5 moderate MR 2+

Animal 6 moderate MR 2+

Animal 7 moderate MR 2+

Animal 8 mild MR 1+

Animal 9 moderate MR 2+

TABLE 3. Mitral annular remodeling (mean 6 1 standard
deviation).

Baseline Chronic Change (%)

SL* 2.8 3.3 15.2

(cm) ±0.3 ±0.3

CC* 3.7 4.3 14.2

(cm) ±0.3 ±0.3

MAA* 7.8 10.6 35.4

(cm2) ±1.4 ±2.1

SH 0.2 0.2 26.4

(cm) ±0.2 ±0.1

SP* 3.2 3.6 10.4

(cm) ±0.5 ±0.5

LP* 7.4 8.7 18.4

(cm) ±0.7 ±0.8

Shown are Septal-Lateral (SL) distance, Commissure-Commissure

(CC) distance, Mitral Annular Area (MAA), Saddle-Height (SH),

Septal Annular Perimeter (SP), and Lateral Annular Perimeter

(LP), under baseline condition and chronic condition at end dias-

tole. Changes in clinical measures between baseline and chronic

conditions represent as a measure of annular remodeling. * indi-

cates a statistically significant difference between baseline condi-

tion and chronic condition with a p-value smaller than 0.05.
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a rising prevalence of coronary heart disease in
industrialized nations, the total number of patients
with ischemic mitral regurgitation is expected to fur-
ther increase in the future.34 Now, more than ever, it is
important to develop and device new treatments for
ischemic mitral regurgitation based on an improved
quantitative understanding of the effects of myocardial
infarcts on mitral valve mechanics.

The current study presents a first mechanical anal-
ysis of mitral annular remodeling following myocardial
infarction based on strain and curvature. Both fields
were calculated at end diastole between the healthy
baseline condition and chronic disease condition. In
addition, classic clinical measures of mitral annular
geometry, before and after the infarct, were computed
to complement the mechanical analysis.

FIGURE 2. Mitral annular strain and stretch in the individual mitral annuli (animals 1–9) at end diastole between baseline con-
dition (black) and chronic condition (color). Red represents tensile strain or stretch, while blue reveals no strain or stretch. The
geometry, strain, and stretch along the annulus of the last image (AVG) were calculated as the average from all nine animals.

FIGURE 3. Mitral annular curvature alterations in the individual mitral annuli (animals 1–9) at end diastole between baseline
condition (black) and chronic condition (color). Red illustrates an increase in curvature, while blue reveals a decrease in curvature.
The geometry and the relative curvature along the annulus of the last image (AVG) were calculated as the average from all nine
animals.
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Clinical Measures

Results for clinical measures reflect the drastic
changes the mitral valve is known to undergo in
response to inferior myocardial infarction. Consistent
with previous reports, the mitral annulus increased
significantly in area, driven primarily by septal-lateral
dilation and commissure-commissure dilation.12 The
most pronounced change in annular perimeter resulted
from dilation of the lateral annulus, which had previ-
ously been identified as the primary cause of annular
dilation in ischemic mitral regurgitation.1 In accor-
dance with previous studies, saddle-height did not
undergo a statistically significant change at end dias-
tole.13 The degree of annular remodeling is closely
correlated with the degree of mitral regurgitation.
Animals with significant increase in septal-lateral
dimension showed severe regurgitation, while animals
with little to no such deformation showed only trace
regurgitation. All other cases fell in between these ex-
tremes.

Mechanical Measures

The results of the mechanical analysis are in excellent
agreement with previous studies. On average, we found
markedly asymmetric infarct-induced dilation, largely
due to the contributions of animals 1 and 3 with the
most significant degree of mitral regurgitation and
annular remodeling.12 In these animals, largest distor-
tions were found in the lateral-posterior direction, the
location of myocardial infarct. Based on this observa-
tion, it may be hypothesized that remodeling of the
infarcted myocardium and the surrounding tissue re-
sults in a local dilation. This dilation pulls the respective
basal portion of the lateral-posterior wall away from
the annulus, distorting the annulus in the course.

For the first time, we reported regionally varying
strain fields that may provide further insight into the
mechanistic origin of this dilation. The classical clinical
measures already revealed that most annular dilation
originated from the lateral rather than from the septal
annulus. Strain and curvature fields confirmed that in
the animals with significant degree of mitral regurgi-
tation and annular dilation, large contributions to
annular dilation stem from a highly localized section of
the annulus closest to the P3 segment. Again, it seems
that the remodeling myocardium perturbed the section
of the annulus closest to the infarct, causing local
strain peaks, twice as large as the strains in all other
segments. Practically, this implies that the tangential
forces, which deform the mitral annulus, are likely the
largest in this segment. Therefore, the location closest
to the infarct may be the region with the highest risk of
ring dehiscence.9

Relative curvature plots revealed what has previ-
ously been described as circularization of the annulus
following myocardial infarction.18 Most of the annuli
presented negative relative curvature. This implies that
they increased in radius and, most obvious in the
average representation, became less curved and more
circular. However, relative curvature profiles displayed
local interruptions to curvature homogeneity. Regions
with high curvature may therefore be considered as
hinge points for asymmetric distortion within the
annular plane. This new insight could possibly aid
surgeons to reversely identify and restore the healthy,
non-infarcted geometry of the mitral annulus during
mitral valve repair.

Clinical Significance

Undersized mitral valve annuloplasty is the gold
standard treatment of ischemic mitral regurgitation.10

Yet, 30% of all patients treated for ischemic mitral
regurgitation present with residual or recurrent regur-
gitation upon follow up.8,10,21 Clearly, current treat-
ment strategies of ischemic mitral regurgitation are
suboptimal. In response to this need, an annuloplasty
ring was introduced to market with the specific goal of
treating ischemic mitral regurgitation, see Fig. 4.
According to the inventors, this ring incorporates an
increased reduction in septal-lateral dimension relative
to other, non-disease-specific annuloplastly rings. In
addition, it possesses an asymmetric profile, with
reduced P2–P3 curvature to accommodate the tethered
P3 segment. An increased sewing margin additionally
allows for a double suture row along the P2–P3 seg-
ment of the ring.6

Ourmechanical analysismay provide some additional
support for the design concept of this disease-specific
annuloplasty ring. First, it illustrates a significant in-
crease in septal-lateral dimension, which may be allevi-
ated by the ring’s aggressive downsizing. Second, the
data clearly reveal an asymmetric dilation of the lateral-
posterior segment in the animals that show the largest

FIGURE 4. Disease-specific annuloplasty ring for ischemic
mitral regurgitation. A top view on the left shows the ring’s
characteristic features: an asymmetric outline with reduced
curvature at the P3 segment and an increased sewing margin.
The image on the right shows the same ring from a lateral
perspective, with its characteristic dip close to the P3 seg-
ment. Photograph courtesy of Edwards Lifesciences.
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degree of mitral regurgitation and annular remodeling.
The ring’s smaller curvature in this region may reduce
the downsizing effect and thus limit the risk of damage to
the surrounding tissue. Third, the ring’s increased sewing
margin, which allows for double suture rows, may pro-
vide the necessary support to prevent the large local
strains from tearing the surrounding myocardial tissue
and causing ring dehiscence.

Limitations

While this ovine model for chronic ischemic disease
has been shown in the past to be highly repeatable, it is
inherently different from human infarct patients. When
extrapolating the knowledge gain from this study to
human subjects, this limitation should be kept in mind.
Furthermore, these sheep have undergone open heart
surgery for maker placement before they were imaged
in healthy and diseased conditions. It can therefore not
be excluded that some of the mitral valve remodeling
may be in response to open heart surgery and marker
placement. Similarly, marker implantation itself may
affect strain and curvature measurements. However,
here we performed a simple quasi-static analysis and
the weight of the individual markers was in the milli-
gram range. It thus seems reasonable to assume that
strain and curvature are affected only negligibly by
marker implantation. Also, the duration of this study
was 5 weeks on average. It may be possible that some
aspects of mitral valve remodeling are initiated after a
longer period of time and therefore were not visible in
this analysis. Lastly, as reported in the result section of
this manuscript, the quantitative analysis of each
annulus revealed a large variation between the indi-
vidual animals, especially in the diseased state. While
baseline dimensions were similar between all animals,
diseased mitral annuli differed largely both in size and
in geometric distortion. One of the reasons for such
large variation between animals may be inter-subject
differences in coronary anatomy. These differences
may result in varying infarct sizes and possibly varying
infarct locations following the occlusion of obtuse
marginal branches two and three.11,20

CONCLUSION

This is the first time that a quantitative, mechanical
analysis provides additional insights into the mecha-
nistic origins of asymmetric mitral annular dilation
following inferior myocardial infarction. Our data
illustrate that annular dilation in animals that present
with large degree of mitral regurgitation and annular
remodeling originates primarily from the lateral seg-
ment of the annulus; in particular from the lateral-

posterior segment, where infarct-induced peak strains
were 50% and higher. Annular dilation and peak
strains were closely correlated to the degree of mitral
regurgitation. The relative curvature analysis reveals
the existence of distinct hinge points of localized cur-
vature, from which this asymmetric distortion within
the annular plane may originate. Overall, we believe
that our combined clinical and mechanical analysis of
mitral annular changes following inferior myocardial
infarction provides additional understanding of dis-
ease-induced changes in the mitral valve. This new and
mechanistic insight may support improved device de-
signs and aid surgeons in reversely identifying healthy
annular geometries during mitral valve repair.
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