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Abstract—Ischemic mitral regurgitation (IMR) is a prevalent
cardiac disease associated with substantial morbidity and
mortality. Contemporary surgical treatments continue to have
limited long-term success, in part due to the complex and
multi-factorial nature of IMR. There is thus a need to better
understand IMR etiology to guide optimal patient specific
treatments. Herein, we applied our finite element-based shape-
matching technique to non-invasively estimate peak systolic
leaflet strains in human mitral valves (MVs) from in-vivo 3D
echocardiographic images taken immediately prior to and
post-annuloplasty repair. From a total of 21 MVs, we found
statistically significant differences in pre-surgical MV size,
shape, and deformation patterns between thewith andwithout
IMR recurrence patient groups at 6 months post-surgery.
Recurrent MVs had significantly less compressive circumfer-
ential strains in the anterior commissure region compared to
the recurrent MVs (p = 0.0223) and were significantly larger.
A logistic regression analysis revealed that average pre-
surgical circumferential leaflet strain in the Carpentier A1
region independently predicted 6-month recurrence of IMR
(optimal cutoff value2 18%, p = 0.0362). Collectively, these
results suggest greater disease progression in the recurrent
group and underscore the highly patient-specific nature of
IMR. Importantly, the ability to identify such factors pre-
surgically could be used to guide optimal treatmentmethods to
reduce post-surgical IMR recurrence.
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ABBREVIATIONS

AA Anterior mitral annulus
AC Anterior commissure
AML Anterior mitral leaflet
AUC Area under curve
AoV Aortic valve
CMF Chordal mimicking force
ED End diastole
ES $nd systole
FE Finite element
IMR Ischemic mitral regurgitation
LA Left atrium
LCPF Local corrective pressure field
LFE Leaflet free edge
LV Left ventricle
LVOT Left ventricular outflow tract
MI Myocardial infarction
MR Mitral regurgitation
MV Mitral valve
MVIC Mitral valve interstitial cell
PA Posterior mitral annulus
PC Posterior commissure
PM Papillary muscle
PML Posterior mitral leaflet
rt-3DE Real-time 3D echocardiography
URA Undersized ring annuloplasty
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INTRODUCTION

The mitral heart valve (MV) withstands some of the
most intense loading conditions in the body.9,21,36,37

and despite its phenomenal durability, approximately
2% of the US population suffers from a MV disease.29

A particularly deadly form of MV disease is ischemic
mitral regurgitation (IMR), which affects over 1.5
million Americans.30 In contrast to primary or
degenerative mitral regurgitation, IMR is intrinsically
a disease of the left ventricle (LV), as it occurs sec-
ondary to a myocardial infarction (MI). The geometric
changes that occur in IMR, especially leaflet tethering
caused by downward displacement of the papillary
muscles and annular dilation, cause critical changes to
the kinematics of the MV, changing the deformations
and loads experienced by the system and leading to
long-term plastic deformations and remodel-
ing.3,6,8,20,40 The two primary clinical options for mit-
igating the effects of chronic IMR are MV repair and
replacement.1,2,7,11,14,24,26 While both have high rates
of failure, some studies have found repairs to perform
substantially worse within the first year post-surgery,
reporting failure rates as high as 60%.10,15,28,40 Repair
has become preferred to replacement for IMR as it
better preserves MV function; however, despite
promising initial surgical outcomes and the use of
concomitant procedures, the rate of long-term failure
remains high.1,24,27

Advances in real-time clinical echocardiographic
imaging have improved our ability to extract MV
geometrical characteristics over the cardiac cycle. A
recent study used such data to quantify the patient-
specific risk of MR recurrence at 6 months post-sur-
gery and found that preoperative MV leaflet tethering
angle in the P3 Carpentier segment was significantly
different between the groups of MVs with and without
IMR recurrence.6 This exciting result suggests that
there are detectable differences in the pre-surgical
functional state of regurgitant MVs in patients that
respond well to undersized ring annuloplasty (URA).
Importantly, it also underscores the potential of pre-
surgically obtained geometric predictors of 6-month
MR recurrence, suggesting that patient-specific pre-
surgical assessment could be used to improve evalua-
tion of risk during surgical planning and help guide
MV repair methods for improved outcomes.1,6

Since the MV is a highly integrated and functionally
complex structure, however, more advanced
approaches that derive the full 3D functional charac-
teristics of the MV are clearly needed.38 This need is
underscored by studies of the in vitro and in vivo
deformation of the MV,35 which reveal complex
dynamics in health and disease. We recently developed
a novel noninvasive method of strain estimation which

uses real-time three-dimensional transesophageal
echocardiographic (rt-3DE) images and an elasticity-
based finite element (FE) framework for determining
the complete in-plane surface strains during MV clo-
sure.33 By applying this technique to the ovine MV in
the normal and post-MI states,31 we found that the
majority of changes in systolic stretch fields and
increases in MV size occur within the first four weeks
after MI onset, with IMR inducing permanent changes
in leaflet diastolic shape and substantially reducing
peak systolic stretch. These results demonstrated that
the kinematic behavior of the MV changes progres-
sively and substantially in the post-MI period. More-
over, we have recently demonstrated in an ovine model
of IMR that the MV leaflet tissue undergoes an iso-
tropic irreversible plastic deformation, along with
underlying changes in transcriptomic responses.16,31,32

Such permanent changes may also affect the success of
the repair surgery, as it is unknown how the altered
MV leaflet tissue responds to the altered stress states
following MV repair.

The above findings motivated us to apply our
noninvasive MV strain estimation method to further
our understanding of the human MV post-MI in the
present study. Our goal was to assess the MV pre-
surgical systolic deformation state in patients who have
undergone MV repair surgery in order to determine
whether pre-surgical deformation patterns are predic-
tive of post-surgical outcomes. We compared several
metrics MV with and without repair failure at 6
months post-surgery. Deriving factors that play a role
in predicting repair success could help elucidate
underlying mechanisms of disease progression, lay the
basis for more advanced models of surgical repair, and
improve surgical techniques and planning on a patient-
specific basis.

METHODS

Image Acquisition

Clinical rt-3DE images from a preexisting database
were used for this study.6 Images were obtained
through a mid–esophageal view in 3 individuals with-
out IMR and immediately before and after a URA
repair procedure in 18 patients with IMR. Of the
patients with IMR, 11 had no recurrence of MR at 6
months post-repair and 7 had recurrence at this time
point. All patients had grade 3 or 4 IMR prior to
surgery (moderate-severe to severe). Recurrent IMR
was defined as an MR grade of 2 (moderate) or higher
at 6 months post-surgery. Each image contained
approximately 6-12 frames per cardiac cycle over 2–3
consecutive cycles, with an approximate voxel resolu-
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tion of 0.6 to 0.8mm. Details of the image acquisition
methods have been described previously.6 Of the
available data, only images with fully visible MV
leaflets were used in this study.

Image Segmentation and FE Mesh Generation

Images were exported in Cartesian format and
representative frames at end-diastole (ED, fully open
MV) and at end-systole (ES, fully closed MV) were
selected for segmentation. The selected frames were
segmented using an interactive program (Fig. 1). For
each image, the annular plane was first rotated to a
short-axis view and the geometric center of the MV
orifice was translated to the intersection of two long-
axis planes corresponding to the intercommissural and
septolateral axes of the MV orifice. Several septolateral
long-axis cross-sections were made along the inter-
commissural axis approximately 1 mm apart. At each
cross-section, the anterior and posterior leaflet were
traced separately along the midsurface of the tissue
from the annulus to the free edge. Each image was
segmented to include as much of the commissure re-
gion as possible, using only identifiable leaflet tissue.
The methods used to develop a mesh from the seg-
mented images have been described in detail previ-
ously.33 Briefly, the points in each curve were
connected using shape-preserving piecewise cubic
spline interpolation. Each curve was then rediscretized
into segments of equal arc length and developed into a
mesh using 2D Delaunay triangulation, Poisson-disk
sampling, ball-pivoting reconstruction, and Taubin
smoothing algorithms. Small regional gaps at the
commissures were interpolated when necessary. This
resulted in meshes with uniform, unstructured nodal
distributions, nodes spaced approximately 1mm apart,
and approximately 2000 elements per mesh.

FE-Based Shape–Matching Method for Planar Strain
Estimation

The individual MV leaflets are difficult to identify in
the coaptation zone of the closed MV in rt-3DE
images, and meshing the ED and ES states separately
results in different distributions and connectivity of
nodes, preventing determination of the local strain
field. In order to build a direct material point corre-
spondence of the MV leaflets between the open and
closed states, we morphed the ED mesh of each MV
into the corresponding ES shape through a FE simu-
lation. Our FE-based shape-matching technique,
summarized in the following, has been previously
extensively validated using high fidelity microCT
data,17 as well as in-vivo strain data,36 with excellent
agreement in both cases.33 When we applied this

technique in the present study, we found negligible
differences in the computed in-surface leaflet strains
between different segmentations of the same valve in
the same state. This was the case even where the
commissural leaflet tissue was slightly shorter, longer,
or had unusual geometries.

All shape-matching simulations were performed
using the commercial FE software package Abaqus
6.13 (Dassault Systèmes), configured to use a Newton-
Raphson nonlinear quasistatic solver with explicit
central difference time integration and automatic time
stepping. Frictionless self-contact of the MV leaflet
surface was enforced. The triangulated leaflet mesh
was defined to have isoparametric shell elements. It is
important to note that in the present approach, the use
of tissue elasticity only served to regularize the mor-
phing process of the MV geometry. Thus in this
approach, the shape–matching model does not require
precise material properties. We used a nearly incom-
pressible isotropic constitutive model which has been
found to be sufficient to model MV tissue.12,22 The
second Piola-Kirchhoff stress tensor, S, was defined as

S ¼ 1

p

Z p=2

�p=2
Sens Eens hð Þ½ �n hð Þ � n hð Þ dhþ lm

�
I

� C33C
�1
�

ð1Þ

where E ¼ ðC� IÞ=2 is the Green–Lagrange strain
tensor, n is a unit vector describing the alignment of a

family of collagen fibers, Sens and Eens ¼ nTEn are the
second Piola–Kirchhoff stress and Green–Lagrange

strain respectively along the ensemble direction n̂, C is
the right Cauchy–Green deformation tensor, lm is the
shear modulus of the ground matrix, I is the identity

tensor, and C33 ¼ 1= C11C22 � C2
12

� �
results from the

incompressibility constraint.13 The effective fiber
ensemble response was modeled as

Sens Eensð Þ ¼ c0
�
ec1Eens � 1

�
8Eens � Eub

c0
�
ec1Eub � 1

�
þ c0c1e

c1Eub
�
Eens � Eub

�
8Eens>Eub;

�

ð2Þ

where c0 and c1 are material constants and Eub is the
upper bound strain for collagen fiber recruitment; be-
yond Eub, Sens is linear with respect to Eens. Circum-
ferential and radial directions were defined as detailed
in Rego et al.33 Values for the material parameters
used in the material model have been published pre-
viously33 and are summarized in Table 1. The complete
constitutive model was implemented in an Abaqus
Explicit subroutine (VUMAT) for FE simulations.

The boundary and loading conditions used in the
simulations are summarized below (Fig. 2). An annular
displacement boundary condition was determined
using the geometries extracted from the open and
closed MV states in each image (Fig. S1). We assumed
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a uniform percent change across the entire circumfer-
ence of the annulus. A uniform 100mmHg pressure
was applied to the ventricular surface of the MV
leaflets and a downward chordal mimicking force
(CMF) to the free edge. Finally, a local corrective
pressure field (LCPF) was enforced to more closely
match the local shape variations of the closed MV
leaflets. The LCPF applies pressure linearly propor-
tional to the distance of the MV leaflet from the true
closed state geometry and updates at each time step.

Post-processing

To average computed quantities across several
valves, the computed strain fields were re-expressed in
a 2D parametric space that allowed for direct corre-
spondence of material points between meshes (Fig. 3).
As described previously,31 a conformal map was gen-
erated by solving the Laplace equation with Dirichlet
conditions at the MV annulus and free edge and as-
signed to each triangulated MV mesh. This map pre-
serves orthogonality between the radial and
circumferential material directions and allows for a
direct comparison for locally correspondent values of
strain between valves. A grid resolution of approxi-
mately 3 points per mm was used in order to approx-
imately match the feature resolution on the leaflet
surface. In the re-parameterized values, we systemati-

cally defined leaflet segments according to Carpentier’s
nomenclature (anterior segments A1-3, posterior seg-
ments P1-3) and statistically compared these segments
between groups of valves. Additionally, shear strains
were computed: the shear angle a was defined as the
deviation of the angle from 90� between circumferen-
tial and radial material directions during MV closure.
Shear angle was calculated locally across the MV
leaflets and averaged within each group of valves.

Statistical Analysis

To numerically determine differences between
groups of MVs, we performed two-tailed Student’s t-
tests to compare dimensional metrics including leaflet
area, annular length, and effective orifice area in the
MVs before and after surgery. Similarly, we compared
average strain in the commissural segments of the MV
as well as in the mid-leaflet segments. Circumferential
and radial strains were averaged across all grid points
within each leaflet region of the MV in each individual
and then statistically compared between MVs with
recurrent and non-recurrent IMR, and between MVs
with IMR and healthy or ‘‘normal’’ MVs. A p-value of
<0:05 was considered significant for all t-tests.
Anderson-Darling tests were performed prior to each
t-test, none of which rejected normality.

FIGURE 1. Image segmentation and mesh generation pipeline. Noninvasive rt-3DE images were traced at several short-axis
cross-sections approximately 1mm apart along the intercommissural length (top), and patient-specific FE meshes were generated
from the image traces using surface triangulation, sampling, reconstruction, and smoothing algorithms (bottom). Adapted from
Rego et al.31 AA anterior mitral annulus, AC anterior commissure, AML anterior mitral leaflet, AoV aortic valve, LA left atrium, LV
left ventricle, LVOT left ventricular outflow tract, PA posterior mitral annulus, PC posterior commissure, PML posterior mitral
leaflet.
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To quantify the ability of the data to predict 6-
month outcomes, we first fit a logistic regression model
to the averaged leaflet strains in segments where we
had found a statistical difference between absence or
presence of recurrence of MR 6 months post-surgery
from a two-sample t-test. We then fit a receiver oper-
ating characteristic (ROC) curve to this data and
found an optimal area under the curve (AUC) and
cutoff value to quantify the quality of the available
data as a predictive model. A higher AUC corresponds
to a better prediction of 6-month patient outcomes, or
a high ratio of accurately identified 6-month outcome
to inaccurately identified outcome.

RESULTS

MV Leaflet Deformation Patterns

We observed clear variations between individual
MV, including a trend toward IMR MV being larger
than those without IMR, and recurrent MV being
larger than non-recurrent MV. We averaged the pre-
surgical directional strains and mapped them onto
their respective averaged 3D valve geometries for each
group of MVs (Fig. 4). The deformation of the anterior
and posterior leaflets was markedly different, with
extensional circumferential strain found only in the
central region of the anterior leaflet and not the pos-
terior leaflet. The pattern of circumferential strain was
also visibly different between groups, and post-IMR
MVs tended to have lower magnitudes of circumfer-
ential strain in both leaflets than the normal MVs.
There was also significantly higher radial strain in the
MV leaflets with IMR. An example of circumferential

FIGURE 2. An overview of the FE simulation used to morph the open state MV mesh into the closed shape. (a) The time course
over which each of the loading and boundary conditions were applied. S0�4 show the shape of the MV at several points, namely at
the open state of the valve, after each boundary and loading condition is fully applied, and at the end of the simulation. (b) At the
left, the true segmented geometry of the closed valve (red) is overlaid with the closed morphed valve geometry (grey). The figure on
the right shows the cross-section of the valve at the center of the geometry and shows a close
match between the segmented and morphed geometries.

TABLE 1. Parameter values used in the constitutive
equations used to model the mechanical response of MV

tissue.

lm (kPa) c0 (kPa) c1 Eub

10.11 0.0485 24.26 0.371
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and radial strains for a representative non-recurrent
MV is included in the supplemental material (Fig. S2).

A two-tailed Student’s t-test at each commissure
and mid-leaflet region of the non-recurrent and
recurrent groups found a statistically significant dif-
ference (p = 0.0223) in average circumferential strain
at the anterior commissure (Carpentier segments A1
and P1) between the recurrent and non-recurrent
valves (Fig. 5). Comparing average strains in individ-
ual segments between the two groups results showed
statistically different circumferential strains in the A1
segment of the MVs in the pre-surgical state, with a p-
value of 0.0186. These marked distinctions in leaflet
strain indicate different patterns of deformation in the
groups, with non-recurrent MV commissures com-
pressing substantially more than recurrent MV com-
missures, and may be caused by a difference between
infarct location in the LVs of each group or different
states of disease progression.

Shear Strain

Leaflet shear strain of appreciable magnitude was
found mainly in the anterior leaflets, concentrated near
the commissures for both normal MVs and MVs with
IMR in the pre-surgical state. Each group showed
similar patterns of positive and negative shear in the
anterior leaflet (Fig. 6). There were much higher
magnitudes of shear in the posterior leaflet segments of
the normal MVs than in those of MVs with IMR. This
trend is similar to that found by Rego et al. in the ovine
MV from pre- to post-MI31: as time passes after the
onset of MI, the magnitude of shear in the posterior

ovine MV leaflet goes down to nearly 0. The trend
indicates that there may be a correlation between shear
strain pattern and degree of disease progression in
human MVs.

Further Statistical Analyses

A logistic regression model for the average pre-
surgical circumferential strain in the A1 segment of the
recurrent and non-recurrent valves also showed sta-
tistical difference between the two groups with a p-
value of 0.0362 (Fig. 7). A receiver operating charac-
teristic (ROC) curve for averaged pre-surgical cir-
cumferential A1 segment strains had a high area under
the curve (AUC) of 0.832 with a cutoff strain of2 0.18
(Fig. 7), indicating that average pre-surgical circum-
ferential strains in the A1 segment were independently
able to accurately predict whether a valve will have
MR recurrence at 6 months post-surgery with an
accuracy of 83.2%, and that an average strain below
2 0.18 is likely to be associated with a MV without
recurrence of MR at 6 months.

General Geometric Characteristics

In additon to the in-plane deformation patterns, we
also examined the averaged 2D representations of the
MVs and computed dimensional metrics (Fig. S3 and
Table S1) demonstrated again that the MV leaflets and
annuli were significantly larger in post-IMR MVs than
in normal MVs, and were larger in valves that later had
repair failure than in those which later underwent a
successful repair. There was little difference in the MV

FIGURE 3. The 3D goemetry of each MV was remapped to a 2D representation and assigned an interpolated rectangular grid with
spatial resolution of approximately 3 points per mm. The segments A1-3 and P1-3 were defined as shown, where the anterior leaflet
is shaded in blue and the posterior leaflet is shaded in purple.
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orifice area in the post-surgical state of the non-re-
current and recurrent groups, and both were smaller
than the normal MVs, as expected from the undersized
nature of the rings used in URA. The leaflet area and
annular length of normal MVs was significantly
smaller than those of the pre-surgical non-recurrent
MVs (p = 0.0290, p = 0.0410) and of the recurrent
MVs (p = 0.0047, p = 0.0099), corresponding to LV
dilation that occurs in IMR. The undersized rings used
in repair surgery lead orifice areas in both the non-
recurrent and recurrent groups to be significantly
smaller than the average orifice area of the normal
MVs (p = 0.0037 and 0.0096 respectively). A com-
parison of these computed geometric characteristics to
those of the larger data set from which they were

obtained shows that they fall within the expected
ranges and that the data in this study was representa-
tive of the larger population.6

DISCUSSION

Study Overview and Key Findings

Overview Many years of research into the mecha-
nisms of the onset and progression of IMR have
brought to light its very complex nature, and thus the
necessity of a thorough understanding of the progres-
sion of the disease for optimal treatment. These com-
plexities range from the large-scale kinematic changes
that occur in IMR due to the dilation of the LV to

FIGURE 4. Average directional strains plotted on the corresponding averaged 3D geometries for the groups of MVs without IMR
and with non-recurrent and recurrent MR. There is a trend toward compressive circumferential strain at the commissures and
tensile circumferential strain toward the center of the anterior leaflet. The recurrent MVs are larger on average than the non-
recurrent MVs, which tend to be larger than MVs without IMR. AA anterior mitral annulus, AC anterior commissure, AML anterior
mitral leaflet, LFE leaflet free edge, PA posterior mitral annulus, PC posterior commissure, PML posterior mitral leaflet.
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changes in the genetic expression in mitral valve
interstitial cells (MVICs).4,5 The use of computational
modeling has proven to be a effective approach to
evaluate the response of the MV both post-MI and
after repair to gain unique insights into the underlying
mechanisms of functional MV disease.35 Importantly,
improvements in imaging technologies have allowed us
to study these changes in a completely non-invasive
manner in vivo so as to observe the MV/LV system and
be able to track these changes over time. In the present
study, we directly utilized clinical data to build patient-
specific, 3D geometric models of each MV studied in
the fully opened and fully closed states. This allowed
us to compare MV leaflet deformations in groups with
successful post-repair outcomes to those with recur-
rence of IMR. These novel findings yielded pre-surgi-
cal insights for fundamental understanding of the MV
in IMR.

Key findings Our analyses determined that patterns
of MV leaflet strain, while complex, consistently dis-

played statistical differences between the recurrent and
non-recurrent groups, especially in the commissural
segments. Specifically, we found that the normal MVs
had significantly greater compressive circumferential
strain in the posterior MV leaflet and significantly
lower radial strain in both MV leaflets, corresponding
to an increased ability of the annulus to contract fully
and less downward tethering of the MV leaflets
respectively. Circumferential pre-surgical strain in
particular was found to be statistically different
between the recurrent and non-recurrent groups of
valves, especially at the anterior commissure. These
differences in leaflet strain indicated that there is a clear
difference in the deformation of the leaflets between the
two groups during systole. In particular, the tissue near
the commissures of the non-recurrent valves com-
presses more circumferentially than that of the recur-
rent valves. The difference in kinematics may be
affected by the manifestation of the infarct in the LV,
as an infarct closer to the annulus would be likely to
lead to less annular contraction and thus lower cir-
cumferential compressive strain in the recurrent valves.
It may also be caused by an effective stiffening of the
MV due to plastic deformations.31 In order to fully
understand how this difference manifests during MV
closure and how the MV interacts with the infarcted
LV, it is necessary to have a full model of the MV.

Not surprisingly, we found no statistically signifi-
cant differences in circumferential or radial leaflet
strains between the recurrent and non-recurrent MV
groups immediately post-surgery. The lack of statisti-
cal difference may occur because the URA procedure
forces the MV annuli of all MVs into a similar size and
shape. However, this does not imply that there is no
difference in the stress states of these groups. There
may be some true differences in strain between groups
which could be elucidated by using a larger sample
size. We are also limited by the technique used for the
study, as it only allows us to study leaflet strains and
not tissue stresses or interaction with the larger MV/
LV system. In order to look at these other aspects of
the complex MV system, it is necessary to build full
models with physically realistic constraints, as those
developed by Drach et al.12 and Khalighi et al.18

An analysis of shear strain showed that the poste-
rior leaflets of the normal MVs clearly underwent shear
deformation, while the MVs with IMR had negligible
shear in the posterior leaflet. This trend matches that
found in the ovine MV, where shear deformation in the
posterior MV leaflet became negligible within 8 weeks
after the onset of IMR and was greatest in the com-
missural segments of the anterior leaflet.31 The most
progressed state of IMR studied in the ovine MVs had
a pattern of shear similar to that in MVs of patients
with moderate-severe to severe IMR, suggesting that

FIGURE 5. Averaged circumferential and radial strains in
functional MV leaflet segments for individual non-recurrent
and recurrent MVs and associated means 6 standard
deviations. The charts show strains averaged at at the
anterior commissure (AC, Carpentier segments A1 and P1)
and posterior commissure (PC, Carpentier segments A3 and
P3) and each mid-leaflet segment separately. The average
circumferential strain at the anterior commissure is
significantly different between the non-recurrent and
recurrent MVs as determined by a two-tailed Student’s t-test
(p 5 0.0223). There is no significant difference in averaged
circumferential strain in the PC, A2 and P2 regions, or in radial
strain between the recurrent and non-recurrent groups.
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the pattern of shear in the MV leaflets may be corre-
lated with the degree of disease progression in a pa-
tient. While these differences were not found to be
statistically significant, they should be studied further
using a larger data set.

We found that on average, the recurrent MVs were
larger than the non-recurrent MVs, and both groups of
valves with IMR were larger than the normal MVs.
These differences in size may be indicative of differ-
ences in the degree of IMR progression, where the

progression of IMR leads to larger MVs that have
undergone plastic changes and are more difficult to
repair. As discussed by Rego et al.,31 a more pro-
gressed disease state in the ovine MV is associated with
reduced annular contraction. The condition is similar
in humans: as IMR progresses, the LV progressively
dilates and the loss of contractile function in the infarct
region prevents the LV from constricting enough to
allow the MV annulus to fully contract and the MV to
close. While the open MVs in the recurrent and non-

FIGURE 6. Locally averaged shear angle in human and ovine MVs with severe MR prior to surgical repair, calculated as the
change in the closed state of the valve from the open state. The spatial distribution of shear in the human MVs with IMR prior to
surgery is comparable to that in ovine MV leaflets with IMR several weeks after an MI. There is no statistical difference in shear
angle between the non-recurrent and recurrent human MVs.

FIGURE 7. Logistic regression curve (left) and ROC curve (right) using segment-averaged pre-surgical circumferential strains in
the A1 segment for individual valves. Logistic regression found a significant difference between strain for non-recurrent and
recurrent valves (p 5 0.0362). The ROC curve had a high AUC (0.832), indicating that average pre-surgical circumferential strain in
the A1 segment may be a good independent predictor of post-surgical 6 month recurrence of IMR.
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recurrent groups have similar annular characteristics,
the closed valves have significantly different annular
dimensions, suggesting that the recurrent MV annuli
contracted less. This difference between the groups
may also be related to the location of the infarct in the
LV, as an infarct closer to the annulus would prevent
annular contraction to a greater degree. Furthermore,
the higher leaflet area in the recurrent valves in both
open and closed pre-surgical states may be associated
with increased or prolonged downward tethering.
Prolonged excessive stretching is believed to lead to
permanent changes in the open/reference state of the
MV structure and is associated with changes in the
diastolic degree of stretch in the collagen as well as
apparent stiffening of the tissue. Such altered leaflet
loading is also closely linked to changes in MVIC
deformation, and this abnormal MVIC loading has
been found to lead to altered remodeling and levels of
expression of extracellular matrix (ECM) compo-
nents.5,19,23,34,39 The associated changes in tissue
mechanical properties may affect the success or failure
of a repair surgery, indicating a need to better the
etiology of the disease and its progression.

Similar to post-surgical strains, we found no statis-
tical difference in post-surgical geometric characteris-
tics such as leaflet and annulus size between recurrent
and non-recurrent MVs. Meijerink et al. recently
analyzed post-surgical data from the patients originally
studied by Bouma et al. and found the same result:
post-surgical geometric characteristics such as annular
dimensions and tething angle were not significantly
different between recurrent and non-recurrent
MVs.6,25

Insights into MV Responses to IMR and Annuloplasty
Surgery

Our key findings from this study, consistent with
our understanding from ovine IMR models, confirm
that the human post-IMR MV is in a substantially
altered state compared to normal. The dilation of the
LV caused by chronic ischemic conditions restrict the
MV from deforming in the same way as a healthy MV.
Howsmon et al. recently found in an ovine model that
genes involved in extracellular matrix organization
were downregulated at four weeks after the onset of a
MI but returned to baseline by eight weeks post-MI.16

This suggests that the tissue responds at the cellular
level to altered loading conditions, increasing collagen
mass fraction and decreasing levels of glycosamino-
glycan expression to prevent tissue damage, but settles
over time to a new homeostatic state. Thus, abnormal
deformation patterns produce a result consistent with a
plastic tissue response. It is thus expected that human
MV will respond similarly to ischemic conditions.

Previous studies have observed plastic deformation in
the MV and discussed how to identify it in clinical
images.41,3 Our findings are consistent with the obser-
vation that human MVs do indeed undergo plastic
changes in IMR, as we found that the leaflets of MVs
with IMR tended to be much longer than those with-
out IMR. In addition to this, we have elucidated the
changes in local strain and deformation that occur
after the onset of IMR, extending our understanding
of the disease in humans and confirming the com-
plexity of the condition.

Limitations

While comprehensive, the available clinical data
only included images from immediately prior to and
after surgery, and did not include any information
about the MV prior to the onset of IMR or beyond the
6-month time point. We are thus unable to track
changes in individual MVs over extended periods of
time to better understand either the progression of
IMR in humans or to observe the changes that occur in
a patient’s MV in the months following repair surgery.
Additionally, while we found several key statistical
differences in deformation patterns and size between
the recurrent and non-recurrent MVs, our sample size
was limited in size and exclusively focused on IMR
patient data. Thus, our findings may not completely
represent the effects of other MV prolapse mecha-
nisms, such as ’organic’ (e.g. myxomatous) mitral
regurgitation. That said, the present study clearly
provided insights into MV functionality, and thus
established guidelines for other mitral valve patholo-
gies in larger population-wide studies. Finally, we note
that the noninvasive image-based strain estimation
method was not able to provide information about
leaflet stresses, which will affect leaflet tissue remodel-
ing. It also does not capture the complete interaction
of the MV and LV and cannot show how LV remod-
eling in IMR affects the function of the MV. Future
studies will work toward the development of full MV
models with physically realistic constraints that are
able to provide even more information about the
behavior of the MV tissue as well as combined models
of the MV and LV to elucidate how functional changes
in the larger system affect MV mechanics.

Translational Implications

In the present study, we determined that there were
substantial, observable differences in the state of the
MV between valves that have successful MV repair via
URA and those with failure of the repair and thus
recurrence of MR at 6 months post-surgery. By
extending the work of Bouma et al.,6 we have found
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that surgical outcomes are associated with quantifiable
differences in the kinematic state of the MV and IMR
prior to surgery, making it likely that such pre-surgical
differences could be used to predict the outcome of a
repair procedure. These quantifiable metrics were
derived directly from routinely acquired rt-3DE
images, making a method like ours more straightfor-
ward to implement in the clinical decision-making
process. Future studies will use the same kind of clin-
ical imaging data to work toward the development of
full human MV models with functionally equivalent
chordae tendinae and the implementation of these
models into a model involving the LV. Such models
will help us develop a broader understanding of local
tissue stresses, MV kinematics during closure, and the
interaction of the full MV/LV system. In doing so, we
hope to elucidate how the infarcted LV combined with
various methods of repair affect MV kinematics and
how this then affects the longer-term plastic changes,
growth, and remodeling observed in MV tissue. Such
robust, patient-specific models could help quantify the
efficacy of surgical repair through computer simula-
tions, improve clinical assessments, and thereby opti-
mize surgical repair of the MV.
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