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Abstract

Background: In this study, to address the failure of mi-
tral valve repair surgery, a novel valve-in-ring model for an
artificial mitral valve annuloplasty ring and a new double-
layer mitral valve were established. A suitable number
and length of ventricular fixation struts within the annulo-
plasty ring, as well as the implantation depth, result in varia-
tions in stress and strain for the inner and outer stent layers.
Methods: The compression and self-expansion model of
the stent was established via finite element analysis. The
changes in stress and strain were analyzed by setting the
length and number of the ventricular fixed struts and im-
plantation depth. Results: When only affected by factors
such as blood pressure, the maximum stresses of stent struc-
tures with three and six ventricular fixed struts are 476 and
222 MPa, respectively, in the right posterior annular region.
Atimplantation depths of 0, 0.5, 1, and 2 mm, the maximum
stresses are located in the left posterior annular region of
the outer stent and are 740, 697, 709, and 742 MPa, respec-
tively, and the maximum displacements of the inner stent
are all in the right posterior ventricular fixed strut region
of the posterior annulus and are 3.71, 3.10, 2.48, and 1.87
mm, respectively. In the three and six ventricular fixed strut
stents, when the ventricular fixed strut length is 3, 4, and 5
mm, the maximum stresses are 570, 557, and 621 MPa and
674, 666, 644 MPa, respectively. Conclusions: Appropri-
ately increasing the number of ventricular fixed struts can
effectively reduce damage to the stent inside the body, and
the damage to the stent is relatively consistent across dif-
ferent implantation depths; however, the right side of the
stent’s posterior annulus is particularly susceptible to dam-
age. However, if the implantation depth is lower, the impact
on the inner stent will be more significant. As the number of
ventricular fixed struts increases, the strut length variation
has a relatively stable impact on stent damage.

valve-in-ring model; double-layer mitral valve; mitral
valve; finite element analysis; mitral annuloplasty ring

Introduction

Mitral valve repair surgery, a type of transcatheter mi-
tral valve repair, is a common method for treating mitral
functional regurgitation [1]. Functional mitral regurgitation
is typically caused by structural changes resulting from fac-
tors such as anterior leaflet displacement and left ventricu-
lar dilation, leading to incomplete mitral valve anterior and
posterior leaflet closure. Mitral valve annuloplasty, a type
of mitral valve repair surgery, aims to restore the dilated na-
tive mitral valve to its original size, thereby allowing proper
anterior and posterior leaflet closure. This procedure is per-
formed to improve regurgitation. However, artificial mitral
valve ring failure often occurs owing to instrument aging,
cracking, and other factors [2]. In addition, considering
that patients with this condition are generally older, surgi-
cal thoracotomy is inappropriate for reflux. Transcatheter
mitral valve replacement (TMVR) has become one of the
most effective alternative treatment for mitral regurgitation
[3]. The treatment method for reimplanting a valve stent in
an annuloplasty ring is clinically referred to as “Valve-In-
Ring” (VIR), and a significant amount of clinical data have
shown that the VIR treatment approach is feasible [4,5].
Currently, it is unclear how the stent design and implanta-
tion depth under these physical conditions affect the hemo-
dynamic and mechanical properties of VIR stents. More-
over, precise conclusions are lacking in clinical practice.

Good performance of mitral valve stent products
needs to meet many conditions [6] and be capable of be-
ing pressed into a delivery system; the stress on the stent
must be lower than the ultimate tensile strength of the stent
material after implantation; it must maintain good hemo-
dynamic performance; and the radial support force of the
stent must not damage the mitral ring. Currently prevalent
aortic intervention valves used in clinical practice have a
circular cross-sectional shape [7]. Circular stents cannot
expand into their original shape after implantation, which
leads to problems such as poor valve lobe closure and lack
of tight fitting with the forming ring. While D-shaped and
elliptical stents may be similar to the mitral valve structure,
their hemodynamic performance is inferior to that of circu-
lar stents [8,9]. Therefore, conventional aortic intervention
valves are not suitable for mitral valve implantation.
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In this paper, a new double-layer mitral valve stent is
proposed. The connection structure in which the inner valve
stent connects with the outer anchor stent through rivets is
referred to as a ventricular fixation strut. The inner stent
was designed to be round for good hemodynamic perfor-
mance, and the outer stent was designed to be D-type to
match the primary mitral valve structure [5,6]. Differences
in the morphological ventricular fixed strut design affect the
stent performance, and changes in the number of ventricular
fixed struts affect its efficiency. If the number of fixed ven-
tricular struts is too small, adverse phenomena might occur,
such as falling off of the inner valve stent, excessive con-
centration force, and stent damage [10]. If the number of
struts is too large, the stent will be excessively distorted and
damaged when forced into the delivery system, which af-
fects its life and hemodynamic performance, especially for
stents with different inner and outer cross-sections. In ad-
dition, slight changes in the ventricular fixation strut length
can affect the lifetime and other characteristics of stents,
which are expected to function for ten years. However,
there is a lack of research on the number and length of fixed
ventricular struts with different cross-sectional shapes.

Therefore, the main purpose of this study was to eval-
uate various aspects of mitral valve stent treatment within
the annuloplasty ring by analyzing the impact of different
numbers and lengths of ventricular fixation struts as well as
varying implantation depths into the ring for a novel double-
layer mitral valve stent. The detailed goals of this study can
be summarized as follows: (1) Investigate the influence of
varying numbers of ventricular fixation struts on the stress
and strain experienced by a double-layer stent throughout
one cardiac cycle. (2) Analyze the stress and strain distribu-
tion of the stent after implantation into a shaping ring with
different numbers and lengths of ventricular fixation struts,
providing data for subsequent stent research. (3) Examine
the stress and strain distribution of the valve stent within
the ring at different implantation depths and determine the
optimal implantation depth, offering data-driven guidance
for clinical interventions involving valve surgery within the
ring.

Materials and Methods

Three-Dimensional Modeling

The annuloplasty ring model is referenced from the
36-mm Physio Annuloplasty Ring, which has been ex-
tensively used clinically by the Edward Company, and
is reconstructed three-dimensionally using SolidWorks, as
shown in Fig. 1.

A new type of VIR stent was designed for the an-
nuloplasty ring, as shown in Fig. 2; it consists of an in-
ner valve stent, ventricular fixation struts, and an outer an-
choring stent, in which the outer anchoring stent also con-
tains anchoring hooks. The inner valve stent is designed as
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Fig. 1. Annuloplasty ring model.

a round shape to ensure good hemodynamic performance,
similar to the interventional aortic valve. To fix the in-ring
stent in the annuloplasty ring and avoid falling off, the outer
anchoring stent is designed to be D-shaped, similar to the
three-dimensional ring structure, and its perimeter is ap-
proximately 12 mm longer than the inner perimeter of the
annuloplasty ring. Furthermore, an anchor hook was placed
at the bottom. The function of the ventricular fixation struts
is to connect the inner and outer stents, and their mode of
action is rivet binding. Considering the connection stability
and damage reduction caused by excessive restraint to the
stent, the number of ventricular fixed struts was designed
to be three and six, respectively. All models were drawn
in SolidWorks, and the specific dimensions are shown in
Fig. 3 and listed in Table 1 (Ref. [11]).

Table 1. Stent parameters [11].

Parameter Value
Inner stent diameter Dg/mm 24.20
Stent wall thickness To/mm 0.40
Outer stent transverse diameter D;/mm 37.00
Outer stent vertical diameter Hy/mm 27.00
Outer stent wall thickness T1/mm 0.40
Anchor hook diameter for the outer bracket r1/mm 3.00
Ventricular fixation strut length H/mm 3.00, 4.00, 5.00

Materials and Mesh Modeling

Because the annuloplasty ring deformation was not
considered in this study, the mesh properties of the annu-
loplasty ring were set to be rigid. Currently, these mate-
rials are commonly used in clinical applications, including
medical stainless steel, tantalum metal, nitinol alloys, and
degradable polymers. However, because we used a double-
layer stent, which is suitable for self-expanding mode, a
nitinol alloy was used in the design.

In industrial applications, the shape and temperature
can be linked by changing the carbon content of nickel-
titanium alloys. When the temperature reaches a critical
state, the Ni-Ti alloy can restore its original shape. The
nitinol alloy density is 6.5 x 10 mm?; its Young’s mod-
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Fig. 2. Double-layer stent models with three and six ventricular fixed struts.
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Fig. 3. Schematic of the stent dimensions.

ulus and Poisson’s ratio are 51,700 and 0.3, respectively. ment solution, and can effectively ensure the calculation

In Abaqus, the constitutive equation of the Superelastic-  convergence and accuracy of the results. To avoid mesh
ity model was used to endow the scaffold with superelastic factors affecting the results, the stent mesh size was set to
properties; the specific parameters are listed in Table 2. 0.08.

The grid adopts an 8-node hexahedral linear reduction
integral element (C3D8R), which is resistant to the shear
self-locking phenomenon, yields a more accurate displace-
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Table 2. Nitinol parameters.

Parameter Value
Martensite Young’s modulus/MPa 47,800
Martensite Poisson’s ratio 0.3
Transformation strain 0.063
Transformation loading start/MPa 600
Transformation loading end/MPa 670
Transformation unloading start/MPa 288
Transformation unloading end/MPa 254
Transformation loading start in compression/MPa 900
Reference Temperature/°C 37
Loading 6.527
Unloading 6.527
Volumetric transformation 0.063

Finite Element Analysis (FEA) Modeling

Because the stress and strain caused by the transvalvu-
lar pressure gradient and other factors on the stent change
according to the number of ventricular fixed struts, the
Abaqus display static analysis method was used in the simu-
lation to calculate the stent stress magnitude and concentra-
tion area after stress and to find the most vulnerable area in
the cardiac cycle. In the boundary condition module, a new
cylindrical coordinate system was created (the axial direc-
tion of the inner support is Z, the radial direction is R, and
the circumferential direction is T), and the axial rotation of
the top section of the outer support was set to zero. A 15-
N axial upward force was applied to the bottom surface of
the inner stent (the pressure exerted on the stent by factors
such as blood pressure during a cardiac cycle was less than
15 N), as shown in Fig. 4.

Fig. 4. Stent compressed solely by factors such as blood pres-

sure.

To save computational time and enhance computa-
tional convergence, Abaqus was used to display the simu-
lation dynamic analysis to calculate the stent performance,
obtain the stent mechanical trends for different numbers and
lengths of ventricular struts when implanted in the annulo-
plasty ring, and obtain the best implantation depth for the
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mid-annular valve stent. The entire calculation is divided
into two steps: (1) The double-layer mitral valve stent is
placed in the clamping shell model, and the clamping shell
radial clamping is commanded to 35 Fr to simulate the pro-
cess of the stent being pressed into the delivery system, as
shown in Fig. 5. (2) To reduce the model calculations, the
slow release process of the stent from the delivery system
is simplified to the direct removal of the clamping shell, as
shown in Fig. 6a. The temperature field variable is set to 37
°C to simulate the process of self-expansion of the double-
layer mitral valve stent and contact with the ring in vivo.
The best implantation depth was determined by imitation
of the flap. The implantation depth, which is the distance
between the bottom of the annuloplasty ring and the bottom
of the outer surface of the anchoring hook, as represented
by the distance between the two red lines (in Fig. 6b) was
setto 0, 0.5, 1, and 2 mm.

Stress Analysis for Three- and Six-Ventricular Fixed-Strut

Stent

With three and six ventricular fixed struts, the stress
of the stent caused only by blood pressure and other fac-
tors was 476 and 318 MPa, respectively, which is less than
the ultimate tensile strength of the nickel-titanium memory
alloy (1290 MPa), as shown in Fig. 7. The high stress of
the three- and six-ventricular fixed-strut stents was mainly
concentrated in the ventricular fixed struts of the outer stent.
Specifically, the maximum stress on the middle side of the
anterior region of the three-ventricular fixed struts was 349
MPa, and the maximum stress on the left and right sides
of the posterior region was 476 MPa. The maximum stress
of the anterior region of the six-fixed ventricular struts was
137 MPa, and the maximum stresses on the middle side and
both sides of the posterior region were 182 and 222 MPa.

In the three- and six-ventricular fixed-strut stents,
the high-strain area of the inner stent is in the part con-
nected with the ventricular connecting struts. The maxi-
mum strains of the anterior region and both sides of the pos-
terior region of the three-ventricular fixed-strut inner stents
were 0.28% and 0.47%, respectively. The maximum strains
of'the inner stent in the anterior region, both sides of the pos-
terior region, and the middle of the posterior region were
0.31%, 0.22%, and 0.20%, respectively.

Stress and Strain Analysis of the Three-Ventricular Fixed-

Strut Stent Implanted at Different Annuloplasty Ring
Depths

The stress distribution of the three-ventricular fixed-
strut stent with a length of 4 mm at different implantation
depths is shown in Fig. 8. The maximum stresses were 742,
697, 709, and 742 MPa at implantation depths of 0, 0.5,
1, and 2 mm, respectively, and all were located in the left
region of the posterior ring of the outer stent.
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(a) (b)

Fig. 6. Diagram of stent implantation procedure. (a) Self-expanding mitral valve stent model. The distance between the two red lines

in (b) represents the implantation depth.
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Fig. 7. Stress analysis diagrams for (a) three- and (b) six-ventricular fixed struts, respectively, which are only affected by factors

such as blood pressure.

The displacement of the three-ventricular fixed-strut 1.87 mm, respectively, and all were in the right ventricle
inner stent implanted at different annuloplasty ring depths fixed strut of the posterior region. The maximum displace-
is shown in Fig. 9. The maximum stent displacements im- ~ ments of the left ventricular fixed strut in the posterior re-
planted at 0, 0.5, 1, and 2 mm were 3.71, 3.10, 2.48, and gion of the stent were 0.43, 0.80, 0.84, and 0.77 mm, re-
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Fig. 8. Stress maps for different annuloplasty ring implantation depths: (a—d) 0, 0.5, 1, and 2 mm, respectively.

spectively, and the maximum displacements of the ventric-
ular fixed strut in the anterior region were 1.3, 1.3, 0.84,
and 0.83 mm, respectively.

Stress and Strain Analysis of the Three- and Six-

Ventricular Fixed-Strut Stent Structural Connections in the
Annuloplasty Ring

The stress forces of the three- and six-ventricular
fixed-strut stents implanted at a depth of 0 mm in the annu-
loplasty ring are shown in Fig. 10. In the three-ventricular
fixed-strut stent, when the ventricular fixed-strut lengths
was 3, 4, and 5 mm, the maximum stresses in the poste-
rior region were 696, 740, and 830 MPa, respectively, and
the maximum stresses in the anterior region were 570, 557,
and 621 MPa. In the six-ventricular fixed-strut stent, when
the ventricular fixed-strut length was 3, 4, and 5 mm, the
maximum stresses in the posterior region were 674, 666,
and 644 MPa, and the maximum stresses in the anterior re-
gion were 649, 628, and 619 MPa. In addition, the average
stresses of the three-ventricular fixed-strut outer stent in the
annuloplasty ring were 93, 99, and 104 MPa, respectively,
and those of the six-ventricular fixed-strut outer stent were
50, 47, and 90 MPa, respectively.

The cross-sectional morphological strain diagrams of
the stent structures with three and six ventricular fixed struts
at an implantation depth of 0 mm in the shaping ring are
shown in Fig. 11. For the three-ventricular fixed struts, at
lengths of 3, 4, and 5 mm, the maximum displacements in
the inner layer support strut’s posterior ring area were 3.6,
3.7, and 2.9 mm, respectively, while those in the anterior
ring area were 2.9, 3.0, and 2.6 mm, respectively. For the
six-ventricular fixed-support strut, at lengths of 3, 4, and
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5 mm, the maximum displacements in the inner layer sup-
port strut’s posterior ring area were 3.1, 2.8, and 3.2 mm,
respectively, while those in the anterior ring area were 2.3,
2.2, and 2.1 mm, respectively.

Three- and Six-Ventricular Fixed Struts Subjected to Blood

Pressure and Other Factors

The stress in the posterior junction region is greater
than that in the anterior junction region in the three- and
six-ventricular fixed-strut stents when subjected to blood
pressure and other factors. This may be due to the uneven
force on the anterior and posterior ring ventricular fixed
struts during compression bending caused by the inconsis-
tent cross-sectional shapes of the inner and outer stents. The
stress in the connection region of the six-ventricular fixed-
strut stents was approximately half of the corresponding
connection region of the three-ventricular fixed-strut stents,
which allowed the former to reduce damage during the car-
diac cycle.

Because there were three continuous ventricular fixed
struts in the anterior region of the six-ventricular fixed-strut
stents, the concentrated traction in this region was too large.
This causes deformation in which the anterior region of the
six-ventricular fixed-strut stents is larger than that of the
three-ventricular fixed-strut stents. In the posterior region,
owing to the longer distance and the increase in the num-
ber of ventricular fixed struts, the deformation of the in-
ner stent of the six-ventricular fixed-strut stent decreased
by half compared with the three-ventricular fixed struts.
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Fig. 9. Strain maps for the inner stent at different annuloplasty ring implantation depths: (a—d) 0, 0.5, 1, and 2 mm, respectively.

In summary, in stent design, it is advisable to appro-
priately increase the number of ventricular fixation pillars
to effectively reduce damage to ventricular support struts.
However, the ventricular fixation pole spacing should not
be too small, as this can lead to excessive inner stent defor-
mation.

Three-Ventricular Fixed-Strut Stents Implanted at Differ-

ent Annuloplasty Ring Depths

The maximum stress at an implantation depth of 1
mm was 1.7% higher than that at 0.5 mm. Considering the
calculation error, the maximum stress was relatively stable
when the implantation depth was <1.5 mm. Although the
maximum stress at implantation depths of 0 and 2 mm was
approximately 6% higher than that at 0.5 mm, this differ-
ence can also be compensated for by an increased fatigue
safety factor, considering that the mesh size is less than
0.08. However, because the maximum stress occurs on the
right side of the posterior ring, although the implantation
depth is believed to cause almost the same stent damage,
the right side of the posterior ring of the stent is the most
vulnerable to damage and must be considered in the design.

The inner stent displacement was mainly caused by
extrusion of the ventricular fixed struts. Therefore, the dis-
placement of the inner stent connected region between the
inner stent and ventricular fixed strut was used to represent
its strain. The maximum displacement of the right poste-
rior region at insertion depths of 0, 0.5, 1, and 1.5 mm in-
creased by 98.3%, 65.7%, 32.6%, and 14.4%, respectively,
compared with that at an insertion depth of 2 mm. Most of
the anterior region and left posterior ring displacement was
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caused by the displacement of the right part of the posterior
region, and it was mostly less than 1 mm, which could be
overlooked. This is because the right posterior region of the
annuloplasty ring is more ventricular-oriented than other re-
gions, resulting in a lower vertical height. Therefore, when
the stent is implanted into the ring, the right posterior re-
gion ventricular fixation struts act on the ring, resulting in
excessive displacement against the inner stent; the rest of
the stent is the mesh in contact with the ring. Therefore,
the smaller the implantation depth, the greater the impact
on the inner stent, which significantly reduces the hemody-
namic performance of the stent.

In summary, when implanting a dual-layer stent into
the annulus, the implantation depth should be increased to
avoid compromising the hemodynamic performance. In the
stent design, it is possible to incorporate higher-positioned
notches to anchor the stent and improve the anchoring posi-
tion, thus preventing the ventricular connecting struts from
directly contacting the annulus.

Three- and Six-Ventricular Fixed-Strut Structural Connec-

tions in the Annuloplasty Ring

The maximum stresses of the three- and six-
ventricular fixed struts implanted into the annuloplasty ring
were less than the tensile limit for the nitinol alloy (1290
MPa). The maximum stress of the three-ventricular fixed
strut with a length of 5 mm was 19% and 12% higher than
that of the struts with lengths of 3 and 4 mm, respectively.
Therefore, it is believed that when the ventricular fixed
struts are small (less than or equal to 3 mm), an increase in
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Fig. 10. Stress diagram of double-layer stent implanted into the annuloplasty ring. (a—c) Stress distribution of the three-ventricular

fixed-strut stents with lengths of 3, 4, and 5 mm, respectively, implanted at a depth of 0 mm in the annuloplasty ring. (d—f) Stress

distribution of the six-ventricular fixed-strut stents with lengths of 3, 4, and 5 mm, respectively, implanted at a depth of 0 mm in the

annuloplasty ring.

strut length will increase damage to the posterior region of
the stent. The maximum stress of the three-ventricular fixed
strut with a length of 5 mm was 4% and 3% less than that
of the 3- and 4-mm-long struts, respectively. However, this
difference could also be compensated for by an increased
fatigue safety factor, considering that the mesh size was
less than 0.08. Therefore, when the number of ventricular
struts is large, a change in strut length causes relatively sta-
ble damage to the stent. Additionally, the maximum pres-
sure in the anterior region of the three- and six-ventricular
stents was lower than that in the posterior region, especially
in the 5-mm-long three-ventricular stent, and the pressure in
the anterior region was 25% lower than that in the posterior
region. Therefore, special attention should be paid to the
posterior ring area during the design stage.

In summary, owing to the relative stability of the stent
compression damage caused by the ventricular fixation strut
length within the annulus, it is advisable to appropriately
increase this length during the design stage to avoid direct
contact with the annulus.
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Limitations

When discussing the implantation depth impact on the
annuloplasty ring stress and strain, it is assumed that a rigid
ring does not undergo deformation. However, in clinical
practice, annuloplasty rings are not only rigid but also in-
clude flexible and semi-flexible/semi-rigid configurations,
which deform under pressure. Additionally, annuloplasty
rings undergo deformation during the cardiac cycle due to
heartbeats. However, in this study, the effects of these fac-
tors on annuloplasty ring deformation and its impact on the
stent were not considered. In the next phase of our study,
we will consider the native left ventricle and mitral annulus
models when investigating flexible and semi-flexible/semi-
rigid rings to analyze the results, and we will incorporate
flow field simulations to examine the impact of realistic
blood flow velocities on the stents.
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Fig. 11. Displacement diagram of the inner valve stent. (a—c) Cross-sectional morphological strain of the inner stent with three-

ventricular fixed struts with lengths of 3, 4, and 5 mm, respectively, at an implantation depth of 0 mm in the annuloplasty ring. (d—f)

Cross-sectional morphological strain of the inner stent with six-ventricular fixed struts with lengths of 3, 4, and 5 mm, respectively, at an

implantation depth of 0 mm in the annuloplasty ring.

Conclusions

In stent design, it is recommended to appropriately
increase the number and length of ventricular fixation
columns. when implanting a dual-layer stent into the an-
nulus, the implantation depth should be increased.
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