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Systolic anterior motion of the mitral valve is an uncommon complication of mitral valve repair, which requires immediate supple-
mentary surgical action. Edge-to-edge suture is considered as an effective technique to treat post-mitral valve repair systolic anterior
motion by clinical researchers. However, the fundamentals and quantitative analysis are vacant to validate the effectiveness of the addi-
tional edge-to-edge surgery to repair systolic anterior motion. In the present work, finite element models were developed to simulate
a specific clinical surgery for patients with posterior leaflet prolapse, so as to analyze the edge-to-edge technique quantificationally. The
simulated surgery procedure concluded several actions such as quadrangular resection, mitral annuloplasty and edge-to-edge suture. And
the simulated results were compared with echocardiography and measurement data of the patients under the mitral valve surgery, which
shows good agreement. The leaflets model with additional edge-to-edge suture has a shorter mismatch length than that of the model
merely under quadrangular resection and mitral annuloplasty actions at systole, which assures a better coaptation status. The stress on the

leaflets after edge-to-edge suture is lessened as well.
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1. Introduction

The mitral valve (MV), located between the left
atrium (LA) and the left ventricle (LV), controls the
blood flow from LA to LV. The mitral apparatus
comprises four components: mitral annulus, two leaf-
lets, i.e., anterior and posterior ones, chordae and two
papillary muscles [7]. The chordae attach the leaflets
to the two papillary muscles. Correct function of the
mitral valve depends on the synergy of the four sub-
structures and their proper mechanical behaviors.
Mitral valve prolapse, a common valvular abnormal-
ity, is defined as prolapse of one or both of the mitral
leaflets into LA, which is mostly caused by tissue
myxomatous degeneration [10]. Mitral valvuloplasty
attempts to repair the prolapsed valve and resume the

valvular function. Systolic anterior motion (SAM) of
the mitral valve is an unusual mitral complication
of MV repair, which is known as the anterior motion
of the anterior leaflet toward the septum and it induces
left ventricular outflow tract obstruction (LVOTO)
and mitral regurgitation. A redundant anterior leaflet
is frequently related to post-mitral repair SAM [9].
Jebara et al. [11] reported that the incidence of
post-repair SAM and LVOTO is reduced by combin-
ing posterior leaflet resection with a sliding plasty.
However, Lee et al. [16] performing sliding plasty
have had patients who had SAM developed. Triangu-
lar resection of the anterior leaflet as advocated by
Grossi et al. [9] significantly diminished the incidence
of SAM from 9.1% to 3.4%. Besides, Roberto et al.
[19] prospectively used edge-to-edge technique to
repair SAM, and the early and 2-year results were
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satisfactory with total disappearance of SAM, of the
LVOTO and of the mitral regurgitation.

Computational analysis of MV repair is a novel
method to evaluate the effects of therapies on MV
function. Finite element models not only reproduce
the movement of the repaired valve, but also provide
functional information on the stress state of the valve,
which is an important factor to a surgery but imaging
techniques cannot support. Kunzelman and colleagues
[13] assessed mitral valve function after posterior
chordal replacement with expanded polytetrafluoro-
ethylene suture using finite element methods. And
they also built models to compare the coaptation and
stresses between the valve with flexible ring annulo-
plasty and the valve with rigid one [14]. Two com-
mercial prostheses, the Physio ring and the Geoform
ring, were compared by Votta et al. [23] using finite
element modeling. They also showed that finite ele-
ment models could be used to determine ring size
after they simulated mitral annuloplasty on a patient-
specific anatomy [21]. When it refers to edge-to-edge
repair modeling, several groups have made investiga-
tion into this. Votta and colleagues [24] first simulated
the edge-to-edge technology, and studied the impor-
tance of the suture position, length and depth. Lau et
al. [15]., Dal Pan et al. [18] and Andrea et al. [3], [4]
also engaged in finite element modeling of edge-to-
edge repair. Lau et al. [15] took the blood into consid-
eration and built fluid-structure interaction model. The
functional and structural effects of percutaneous edge-
to-edge double-orifice repair were studied as well, in
comparison with traditional suture repair [4]. Re-
cently, Tommaso et al. [17] developed patient-specific
edge-to-edge models to apply finite element modeling
to Mitral Clip intervention planning.

Among these present edge-to-edge repair finite
element models, the material of the abnormal valve
was always neglected, and the normal valve material
models were used for the abnormal one. Nevertheless,
the valve unable to coapt often suffers myxomatous
degeneration which enhances extensibility and de-
creases stiffness of the valve leaflet and chordae [10].
The specific material model is necessary for myx-
omatous mitral valve. Otherwise, previous simulations
were regularly based on anticipated repair therapy in
order to obtain the optimal surgery plan. They were
seldom based on the clinical surgery and rarely com-
pared the models with actual outcomes.

In the present work, we attempted to simulate
a specific clinical surgery procedure conducted by
Roberto et al. [19] mentioned above using finite ele-
ment methods, and quantitatively evaluate the edge-
to-edge technique to treat post-mitral valve repair

SAM. In our simulation, the geometry model of the
mitral valve is in accordance with the pathology de-
scription of myxoid prolapsed mitral valve of the
patients in [19], and the special mechanical property
of the myxomatous mitral valve tissue was consid-
ered. The surgery actions such as quadrangular re-
section, mitral annuloplasty and edge-to-edge suture
were simulated and their simulated results were
compared with patient echocardiographic and opera-
tive data. The operation effect was evaluated by co-
aptation length and stress distribution on the leaflet
model.

2. Materials and methods

In the clinical case of Roberto et al. [19], 4 pa-
tients requiring mitral valve repair surgery suffered
chronic degenerative mitral regurgitation. Repair
was first achieved through a quadrangular resection
of the posterior leaflet and mitral annuloplasty with
a ring. Routine perioperative transesophageal echo-
cardiography showed SAM, sever LVOTO and mi-
tral regurgitation. After resuming cardiopulmonary
bypass, each patient had an additional edge-to-edge
suture.

We generated the geometry of the uncorrected
and corrected mitral valves by UGS NX software
(Release 8.0). The structural dynamics of the mitral
valve was simulated by the explicit finite element code
LS-DYNA (Version: 1s971d R5.0). Post-processing of
the data was performed with LS-PREPOST.

2.1. Material model

The mitral valve of the patients in [19] suffers
myxomatous degeneration. The mechanical properties
of the myxomatous mitral valve leaflet have been
characterized by Barber et al. [5], who tested the
stress and strain of the myxoid valve leaflet tissue in
radial and circumferential directions. We have pre-
sented an incompressible, hyperelastic constitutive
model in [25] to characterize myxoid mitral leaflet
tissue mechanics. The model incorporates the trans-
versely isotropic response and the layered structure of
the tissue. The Cauchy stresses of the two-layered
composite in the first and second principal directions
(o}, and o, ) can be written as follows:

when 4/, < /f}-l ,
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where /1f1, /1 7o are the stretches at which the collagen

fibers in two layers are straightened. 4, 4,, and 4s, are
the principal stretches. ¢! and ¢; can be determined
from the condition that the exponential and linear
regions are continuous at /1;1, 2.;2 .

i =cy(exp(e (4 —D) ==ty (3a)

c5 =y (exp(c; (A, ~D) =D =¢cj 4, (3b)

In equatons (1a) and (1b) and equations (2a) and
(2b), A, and A, are the principal stretches; 4, and A,

are the stretches in the two fiber directions. ¢}, ci,
c, and ¢! are the material constants in the first layer,

and ¢;, ci, c;, and ¢ are the material constants in

the second layer. These constants, determined by
stress—strain data in [5] and listed in Table 1, were
used in our material model.

Likewise, the mechanical properties of the myxoid
chordae differ from that of the normal one. The
modulus of the myxoid chordae is about 30 MPa which
is almost one fifth of the normal chordae modulus cal-
culated in [6].

In surgery simulation, the materials of the flexi-
ble ring of mitral annuloplasty and suture wire
should be taken into consideration as well. The
physical property of the ring is characterized by
Young’s modulus £ = 2.544 MPa and coefficient of
Poisson v = 0.45, as Kunzelman et al. described in
[14]. Suture wire is made of polypropylene 4-0. The
material has been considered elastic linear with
Young’s modulus £ = 3500 MPa and coefficient of
Poisson v = 0.38, based on [3].

2.2. Load and boundary condition

A time-dependent physiologic transvalvular
pressure was applied on the surface of the leaflets
[8] (shown in Fig. 1 and Fig. 2). It arises from the
varying atrioventricular pressure during cardiac
cycle. When comparing Fig. 1 and Fig. 2, we found
that the maximum pressure of the L'V in the case of
mitral insufficiency is about 74 mm Hg which is
lower than that of the valve fully closed (120 mm
Hg), while the maximum pressure of LA in the mi-
tral insufficiency case is higher. Herein, different
time-dependent transvalvular pressures were ap-
plied to fully closed valve model and insufficiently
closed one in our simulation.

The motion of the mitral annulus in myxomatous
valve is not as significant as the normal valve, studied
by Kaplan and colleagues [12]. Therefore, the mitral
annulus in the model can be regarded to be immobile.
As the papillary muscles kept the distance from the
annulus, they can be considered fixed in cardio cycle
as well.

2.3. Surgery procedure simulation

The simulation of the surgery procedure conducted
by Roberto et al. [19] can be divided into three parts.
We first developed the myxomatous valve model and
mimicked its dynamics including prolapse status.
Secondly, original repair was simulated by altering the

Table 1. Myxomatous leaflet material constants in equations (1a) and (1b) and equations (2a) and(2b)

Constants ¢ (MPa) c) (MPa) c

C}t (MPa) (322 (MPa) c§ ci (MPa)

value 3.00e-5 6.84e-3 8.83

6.57 1.47e-2 6.65 3.76
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Fig. 1. The time-dependent pressure of LV (a) and LA (b) in the case of mitral valve fully closed
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Fig. 2. The time-dependent pressure of LV (a) and LA (b) in the case of mitral insufficiency

myxomatous valve model to apply quadrangular re-
section and mitral annuloplasty on it. Thirdly, based
on the original repaired valve model, edge-to-edge
suture was conducted as an additional repair. The
dynamics of the valve under the two repairs above
were also calculated.

2.3.1. Myxomatous mitral valve model

Following the dysfunctional mitral valve infor-
mation of the patients in [19], the myxomatous mitral

valve model was built. All patients had posterior
leaflet prolapse with chordal rupture and they had
large anterior leaflet with billowing. Thus, in our
model (shown as Fig. 3), the chordae linking to pos-
terior leaflet was eliminated and the anterior leaflet
was heightened. Jeffrey et al. [20] advanced the size
of the mitral annulus in myxomatous valve, so that
was significantly increased especially in the inter-
peak span and we applied it in our model. Table 2
lists the detailed dimensional parameters of the
myxomatous mitral valve model. The leaflet model

@

(b) ©

Fig. 3. 3D model of the mitral valve in a top view (a), a back view (b), and anisometric view (c)



Finite Element Analysis for Edge-to-Edge Technique to Treat Post-Mitral Valve Repair Systolic Anterior Motion

Table 2. Dimensional parameters of the myxomatous mitral valve model

Anterior leaflet | Posterior leaflet Interpeak Intervalley Leaflet Annulus
height height span span thickness length
(mm) (mm) (mm) (mm) (mm) (mm)
Value 30.3 13.8 35.0 32.0 2.0 106.4

is a bit thicker than the anatomy description of the
normal leaflet attributed to the property of the myx-
oid leaflet [10].

2.3.2. Original repair model

The original repair was achieved by a quadrangu-
lar resection of the posterior leaflet and mitral annulo-
plasty with a ring inserted.

The quadrangular resection procedure involves
removing a section of the posterior leaflet from the
annulus to the free margin, and drawing the sides of
the resulting gap closer and suturing the leaflet to-
gether[7]. The approach used for modeling this repair
technique consisted first in cutting the nodes and ele-
ments on the section at the center of the posterior
leaflet. And then the nodes on the cut line of the leaf-
let were selected to have displacement applied to
them. Finally, these displacements drew the two lines
together, and they met in the center of the removed

v,

(@

section. Then, the suture lines joined the nodes over
the gap. Figure 4 illustrates the process.

The ring used in the surgery is a complete semi-
rigid CE Physio ring (Edwards Life-sciences, Irvine,
CA), with an anterior saddle shape and progressive
posterior flexibility [1]. The ratio between the inter-
vallery span and the interpeak span is 4:3. Following
these product descriptions, the artificial ring was
modeled as a single profile line with certain ratio and
shape. The ring model was discretized into 292 nodes.
Mitral annuloplasty modeling was achieved via each
annulus node moving to the nearest node on the ring.

2.3.3. Edge-to-edge repair model

The edge-to-edge repair involves joining two
leaflets together and creating two small orifices. In the
surgery of Roberto et al. [19], it was conducted after
the complications, namely SAM and LVOTO, of the
original repair appeared. All patients had a suture in

(b) (c)

Fig. 4. Quadrangular resection simulation: (a) section removed, (b) section closed, and (c) gap sutured

(@)

(b) (

<)

Fig. 5. Mitral annuloplasty simulation: (a) the image of the CE Physio ring;
(b) the model before annuloplasty, the green line denoting the artificial ring; (c) the model after annuloplasty



8 QI ZHONG et al.

(@)

(b) (c)

Fig. 6. Edge-to-edge repair simulation: (a) the model with suture joining the node on each leaflet;
(b) and (c) are the two side views of the model when two leaflets close after beam contraction

the middle part of the free edge of the anterior and
posterior leaflets. This short (5 mm) continuous suture
took big bites into the leaflets assuring coaptation and
reducing the tissue redundancy. The stitch was placed
at the limit of the rough zone to force coaptation in
this area, advocated by [2]. The suture procedure was
simulated by first connecting the nodes on each leaflet
over 5.4 mm on the border of the rough zone with
spring beam element (kK = 1000 g/mm). With the con-
traction of the beam according to their internal con-
stitutive law and tension, the leaflets progressively
close at the suture position.

3. Results

3.1. Closure dynamic

The present work simulated dynamics of mitral
valve in the myxomatous model, original repair model
and edge-to-edge repair model under transvalvular
pressure during cardiac cycle.

Before surgery, the patient suffered serious mitral
regurgitation (4 degree) and posterior leaflet pro-
lapse. The myxomatous model simulated the pro-
lapse process under the transvalvular pressure of
mitral insufficiency at early systolic pressure ramp

=0. 20s t=0. 28s

period when the anterior leaflet and posterior leaflet
close to each other, as shown in Fig. 7. In normal
condition, the valve should fully close at systolic
peak, namely at # = 0.38 s here. However, the valve
suffering prolapse in this case cannot close sufficiently
with calculating regurgitation area of 8.9 cm’. The
posterior leaflet gradually closed to the annulus
area, and eventually went beyond the annulus with
the exceeding length of 5.4 mm, which was greater
than the length threshold of the prolapse definition
(2 mm) at systolic peak. The interpeak-span-velocity
of the node on the edge of the posterior leaflet was
150.1 mm/s, and its velocity in the direction
perpendicular to the annulus was 273.0 mm/s at ¢ =
0.33 s.

After original repair, two leaflets contacted and
did not prolapse to the atrial side any more, but there
was a persistent aspect of redundancy of the anterior
leaflet with SAM and LVOTO observed by routine
post-repair transesophageal echocardiography and sig-
nificant mitral regurgitation appeared after 2 to 10 min-
utes after de-clamping the aorta. Then edge-to-edge
repair was done in clinic with the disappearance of the
above symptoms. The valve dynamics were calculated
under original repair and following edge-to-edge re-
pair in our models. Figure 8 shows the closure process
of the valve model when the transvalvular pressure
gradually went up to the maximum. The original sur-
gery simulation shows regurgitation area being greatly

Peed

t=0. 33s t=0. 38s

Fig. 7. The simulation of the prolapse process before surgery at four successive time points
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t=0. 20s t=0. 28s

t=0. 33s t=0. 38s

Fig. 8. The simulation of the coaptation process after the original repair at four successive time points

Fig. 9. The simulation of the coaptation process after the secondary repair at four successive time points

-~y

(d)

Fig. 10. Valve closure status under the maximum transvalvular pressure:
(a) and (c) are the side views of the valve model under original surgery and the one under edge-to-edge suture, respectively;
(b) and (d) are their leaflet half models. Black curve outlines the middle line of the leaflets

eliminated at the beginning and the leaflet prolapse
disappeared.

The simulation of the edge-to-edge surgery dis-
played the valve to be fully closed with regurgitation
area being zero at systolic peak (as shown in Fig. 9).

Figure 10 illustrates the valve closure status under
the maximum transvalvular pressure, the edge-to-edge
suture model shows the anterior leaflet edge coming
into apposition with its counterpart on the posterior

leaflet. However, the original repair model displays
the posterior leaflet edge comes into the belly part of
the anterior leaflet, namely, the anterior leaflet has
much redundancy, which is consistent with the clini-
cal surgery observation and the redundancy anterior
leaflet is considered to be the reason of SAM and
LVOTO.

In order to compare the coaptation quality of the
valve models, the quantitative evaluation criterion of
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coaptation defined by Votta et al. [23] was introduced.
As shown in Fig. 11, L measure is assumed to be the
length of the line from the beginning of the coapting
tract to the leaflet free margin, which is divided into
two terms: the length of the tract where leaflets are
actually in contact (Lcop) and the mismatch between
the free margins of the two coapting leaflets (Lgy,). The
good coaptation model was defined as the one with
long Lcoapt and short Lg,,.

Table 3 lists the coaptation measurement of the
two valve models. The valve model after original re-
pair have longer L, but its L, is much longer than
that of the edge-to-edge-repair model (0.73 mm).

Leoapt

Fig. 11. Definition of the measured quantities
of leaflets’ coaptation in half model.
Blue areas denote the rough zone of two leaflets.
L measurement is equal to the sum of Lcap and Ly

Table 3. The coaptation measurement comparison
between the original repair model and the edge-to-edge one

Original repair
model (mm)
Leoapt 4.58
Ly 10.89

Edge-to-edge repair
model (mm)
2.27
0.73

(a) (b)

3.2. Leaflet stress

The leaflets in the model bore time-dependent
transvalvular pressure during cardio cycle. The von
Mises stresses calculated for the two leaflets were
increasing with the pressure rise. As different time-
dependent transvalvular pressures were applied to
fully closed valve model and insufficiently closed one,
we compared the von Mises stress distributions of the
different valve models when they were under the same
transvalvular pressure (7.92 kPa). The leaflets stress
distributions of the models are illustrated in Fig. 12.

In the three models, the maximum stress is con-
formably observed near the annulus region; the bellies
of the leaflets also experience high stress. The poste-
rior leaflets carry fewer loads than the anterior leaflet
in the myxomatous valve model and the edge-to-edge
repair model. In the edge-to-edge repair model, the
commissural areas also appear under high stress con-
centration. The maximum stress in the original repair
valve model is up to 489.5 kPa, which is higher than
that of the myxomatous valve model (377.3 kPa) and
that of the edge-to-edge repair model (203.1 kPa).

4. Discussion

Through simulating a clinical surgery procedure,
we obtained the quantitative information of the valves
dynamics and stress distribution both before and after
repairs. Our simulation demonstrated that the original
repair including quadrangular resection and mitral
annuloplasty prevented the leaflet from prolapsing
toward the atrial side. The reason is that the original
correct simulation has shorten the interpeak span of
the valve, which enabled the anterior leaflet and the
posterior one to meet each other and avoid the leaflet

Fringe Levels
4.805e+02
4.405e+oz:l
3.916e+02 _|
3.4260+02 _
2.937e+02
2.447e+02:I
1.958e+02 _|
1.468e+02 _
0.790e+01
4.895e+01 ]
0.000e+00

(©)

Fig. 12. Leaflets’ von Mises stress distributions for the myxomatous valve model (a),
the original repair model (b) and the edge-to-edge model (c)
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prolapsing. However, the original correct simulation
also shows that this repair could not make the valve
close fully and perfectly with regurgitation area and
long mismatch length (10.89 mm) owing to the re-
dundant anterior leaflet. When the blood flowed to-
ward LVOT, the redundant anterior leaflet would
move to the septum reinforced by the Venturi effect
and consequently lose the coaptation point inducing
mitral regurgitation and LVOTO during systolic pe-
riod [19]. The edge-to-edge technology sutured the
two leaflets together, which restricted the anterior
movement and made good coaptation with short mis-
match length (0.73 mm), so as to successively elimi-
nate existing mitral regurgitation, SAM and LVOTO.
Furthermore, the comparison of the magnitudes of the
von Mises stress calculated in the two repair models
indicated that the edge-to-edge technology also re-
duced the loads carried by leaflet surface, which
might guarantee the persistent validation of the edge-
to-edge surgery.

Finite element models of the edge-to-edge repair
developed by other authors always focused on the
diastole period when the atrial pressure was larger
than the ventricular one and the valve gradually
opened. In order to compare our simulation result with
others, we calculated the von Mises stress distribution
on the leaflet when the transvalvular pressure reached
the average value (0.52 kPa[15]) in diastole, as shown
in Fig. 13a. The area near the suture zone on both
leaflets bears high stress, which is consistent with the
results of other models [3], [4], [15]. Differently, in
the area near the center posterior annulus there ap-
pears stress distribution, which has not been found in
other models [12], [14], [15] owing to the quadrangu-
lar resection in our simulation. The maximum stress
on the leaflet in our model is about 121.5 kPa. When
the transvalvular pressure was equal to 0.52 kPa, the

11

orifice area was computed to be 2.9 cm’, which was
near the patients clinical measurement data (3.275
+ (.325 cm®) obtained by [19]. The suture tension pre-
dicted in our model was in the range between 0.05 N
and 0.52 N, higher than the range of experimental data
of 0.12-0.48 N reported in literature [22]. According
to [18], the value of the suture tension in the edge-to-
edge repair is always related to the suture length,
depth and position and that may be the reason of the
difference between the predicted suture tension and
the experimental data.

5. Conclusions

Edge-to-edge technology is considered to be a so-
lution to treat post-mitral valve repair SAM. In the
present work, computational models were built to
simulate a specific clinical surgery so as to demon-
strate the validation of the edge-to-edge repair quan-
titatively. Models were developed based on the patient
clinical measurement data and pathology description.
The simulation result indicated that the edge-to-edge
repair greatly restricted the movement of the anterior
leaflet, guaranteed good coaptation and reduced loads
carried by leaflets. The relief of SAM and LVOTO
can attribute to these advantages of the edge-to-edge
repair.

There still exist some limitations in the present
study. Although the geometry of the mitral valve
model stemmed from clinical data, the model and the
patient nature valve were still different. For resuming
the dynamics of nature valve dynamics, it is necessary
to build the patient-specific model by 3D medical
image data. In our work, the blood was not taken into
consideration; LA and LV were neglected as well.

Fringe Levels

1.219e+02
1.097e+02
9.750e+01
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1.219e+01
0.000e+00
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Fig. 13. Valve deformation and von Mises stress distribution when the transvalvular pressure
was equal to 0.52 kPa as viewed from 60 degree angle to the annulus plane (a);
(b) is a profile of the whole orifice area at that time
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These two simplifications limited the simulation of
the anterior leaflet movement toward the septum un-
der the blood flow which induced post-mitral valve
repair SAM and LVOTO.

Model personalization is a big challenge for mitral
valve repair simulation using finite element method,
but this in-vitro and noninvasive method is very at-
tractive for researchers to study the effects of thera-
pies on mitral valve function. Finite element modeling
may become a useful tool for mitral valve repair plan-
ning in the near future.
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