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Self-Expanding Stent and
Delivery System for Aortic
Valve Replacement
Currently, aortic valve replacement procedures require a sternotomy and use of cardio-
pulmonary bypass (CPB) to arrest the heart and provide a bloodless field in which to op-
erate. A less invasive alternative to open heart surgery is transapical or transcatheter
aortic valve replacement (TAVR), already emerging as a feasible treatment for patients
with high surgical risk. The bioprosthetic valves are delivered via catheters using trans-
arterial or transapical approaches and are implanted within diseased aortic valves. This
paper reports the development of a new self-expanding stent for minimally invasive aortic
valve replacement and its delivery device for the transapical approach under real-time
magnetic resonance imaging (MRI) guidance. Made of nitinol, the new stent is designed
to implant and embed a commercially available bioprosthetic aortic valve in aortic root.
An MRI passive marker was affixed onto the stent and an MRI active marker to the deliv-
ery device. These capabilities were tested in ex vivo and in vivo experiments. Radial
resistive force, chronic outward force, and the integrity of bioprosthesis on stent were
measured through custom design dedicated test equipment. In vivo experimental evalua-
tion was done using a porcine large animal model. Both ex vivo and in vivo experiment
results indicate that the self-expanding stent provides adequate reinforcement of the bio-
prosthetic aortic valve and it is easier to implant the valve in the correct position. The
orientation and positioning of the implanted valve is more precise and predictable with
the help of the passive marker on stent and the active marker on delivery device. The new
self-expanding nitinol stent was designed to exert a constant radial force and, therefore,
a better fixation of the prosthesis in the aorta, which would result in better preservation
of long-term heart function. The passive marker affixed on the stent and active marker
embedded in the delivery devices helps to achieve precise orientation and positioning of
the stent under MRI guidance. The design allows the stent to be retracted in the delivery
device with a snaring catheter if necessary. Histopathology reports reveal that the stent
is biocompatible and fully functional. All the stented bioprosthesis appeared to be prop-
erly seated in the aortic root. [DOI: 10.1115/1.4007750]

Keywords: minimally invasive aortic valve replacement, self-expanding nitinol stents,
shape memory materials, real-time MRI guidance

1 Introduction

Aortic valve stenosis, characterized by narrowing of the aortic
valve opening is the most common valvular heart disease in
elderly patients. Open heart surgery for aortic valve replacement
(AVR) with mechanical or biological heart valves is the treatment
of choice for symptomatic or severe aortic valve stenosis. In the
last few years, TAVR has emerged as a less invasive alternative to
open heart surgery for patients at high surgical risk for AVR.
The bioprosthetic valves are delivered through catheters using
transarterial or transapical approaches and are implanted within
the diseased aortic valve. Many medical experts predict that these
new procedures could revolutionize the treatment of aortic valve
disease [1–3].

The prosthesis used for percutaneous transcatheter valve
replacement or transapical aortic valve replacement are comprised
of a bioprosthetic valve affixed (sewn) into a balloon-expandable
or self-expanding stent.

Made of stainless steel, platinum, cobalt-alloy, or tantalum,
balloon-expandable stents are expanded by plastic deformation
caused by the inflation of a balloon placed inside the stent.

Self-expanding stents made of shape memory materials such
as nitinol allow for easier anatomically correct placement and
flexible reinforcement of the bioprosthetic aortic valve. Self-
expanding stents instead of being deformed to the vessel diameter
expand by simply returning to their equilibrium shape.

Since 2002, when the first TAVR was performed in humans
[4], there have been several TAVR technologies developed in an
attempt to address the challenges of this new procedure.

The Edwards SAPIEN heart-valve system (Edwards Lifescien-
ces Inc., Irvine, CA) consists of a trileaflet bovine pericardial
valve mounted within a tubular, slotted, stainless steel or cobalt-
chromium alloy balloon-expandable stent [1,5–8]. The valve is
positioned under fluoroscopic guidance from a perpendicular pro-
jection and deployed with rapid pacing in order to control blood
pressure below 40 mmHg, to avoid valve migration during deploy-
ment. The valve is implanted in the subcoronary position using an
antegrade or retrograde transfemoral or transapical approach, and
feasibility studies and clinical trials in Europe, the U.S., and
Canada have been performed.

The CoreValve prosthesis (developed by CoreValve Inc. Irvine,
CA) uses a trileaflet porcine pericardial valve mounted on a self-
expanding nitinol frame [9–11]. The self-expandable nitinol frame
is anchored by the high radial force area in the aortic annulus and
by the low radial force area in the ascending aorta. The CoreValve
prosthesis can be implanted via the transfemoral approach using

1Corresponding author.
Manuscript received April 4, 2012; final manuscript received September 14,

2012; published online November 1, 2012. Assoc. Editor: James Moore.

Journal of Medical Devices DECEMBER 2012, Vol. 6 / 041006-1Copyright VC 2012 by ASME



an iliofemoral vascular access or transsubclavian approach [12] in
cases where the femoral access is not suitable. Fluoroscopic guid-
ance is employed in order to achieve accurate positioning of the
bioprosthesis.

EngagerTM System (Medtronic Inc., Minneapolis, MN) uses a
bovine pericardial tissue valve affixed in a self-expanding nitinol
frame and a transapical delivery system with support arms facili-
tating anatomically correct positioning and axial fixation [13].
Another valve system that incorporates features that facilitate
anatomical positioning and orientation in relation to the native
valve is JenaClip (JenaValve Inc., Germany). JenaClip is a por-
cine valve mounted on a nitinol stent, with feeler-guided position-
ing and clipping fixation on the diseased leaflets [14].

Acurate TA (Symetis Inc., Geneva, Switzerland) is a new
transapical valve system that received Conformité Européene
(CE) Marking approval in 2011 [15]. Symetis Acurate valve is a
self-expandable nitinol porcine valve, delivered transapically,
and designed for subcoronary implantation. The Symetis valve
has two specific features, a stabilization arch, meant to prevent
tilting of the valve during deployment, and a so-called “upper
crown,” the most distal part of the stent body, designed to pro-
vide technical feedback for positioning.

Other types of minimally invasive aortic valve prosthesis and
replacement systems (such as LotusTM—Boston Scientific Inc.,
or Direct Flow—Direct Flow Medical Inc.) have been proposed or
are in various stages of development, but all face a common set of
technical challenges, such as: difficulty to achieve correct posi-
tioning and orientation, migration, embolization, and operative
complications.

Typically, the imaging used for percutaneous valve replace-
ment is fluoroscopy with adjuvant echocardiography. Fluoro-
scopic guidance only provides 2D visualization with limited soft
tissue contrast. Contrast agents must be repeatedly injected to
determine the location of the aortic annulus and coronary ostia.
Moreover, the patient and physician are exposed to radiation dur-
ing the intervention.

MRI provides excellent visualization, particularly in its ability
to deliver high-resolution images of blood filled structures, with-
out additional risk of radiation or contrast agent reaction. One of
the strengths of real-time MRI is the ability to interactively adjust
image acquisition, reconstruction, and display parameters during
the scan. MRI also provides the ability to assess results, such as
ventricular and valvular function and myocardial perfusion imme-
diately after intervention. However, the MRI environment has
special requirements for the safety and compatibility of the aortic
prostheses and their corresponding delivery devices.

The design geometry of the aforementioned stents is based on a
diamond cell shape. This configuration may induce extra stress
on the bioprosthetic valve from crimping to deployment. In addi-
tion, the prostheses implanted with the present beating heart
approaches are of an unknown durability.

In this study, we propose to design a new stent based on a
chevron like cell and a corresponding delivery device for a com-
mercially available bioprosthetic valve (with known durability)
and use real-time MRI guidance (rtMRI) for the transapical aortic
valve implantation.

2 Materials and Methods

2.1 Stent Design. TAVR carries risks such as migration from
the optimum position, coronary occlusion, valve malpositioning,
embolization, or early deployment. To overcome these problems
reported in previous research reports [4,7,9,11,14,16–24], we
designed a new self-expanding stent dedicated to be used for
aortic valve replacement. The stent (Fig. 1) is designed to main-
tain and affix a commercially available bioprosthetic aortic valve
such as Toronto SPV (St. Jude Medical, Inc, Maple Grove, MN)
or modified Freestyle (Medtronic Inc., Minneapolis, MN) in the
aortic root.

Alongside with the correct position and orientation, the prosthe-
sis must be adequately fixed in the aortic root such that migration
or embolization does not occur despite high blood pressures.

This self-expanding stent provides more anatomically correct
placement and adequate support for the bioprosthetic aortic valve.
Because the aortic valve lies in close proximity to both the mitral
valve and the coronary ostia, the correct position and orientation
of the implanted valve is critical. Misplacement of the prosthesis
could result in mitral valve damage or can block the coronary
ostia inducing a life threatening ischemic condition. Also, deploy-
ment of the prosthesis in a suboptimal location can result in poor
hemodynamic performance with severe paravalvular leakages
and/or high gradients.

To help orient the stent, one passive marker (m) made from
high-density metal (ferromagnetic stainless steel, monitored using
MRI or gold, platinum, tantalum monitored using X-ray imaging)
is affixed on the distal end of one of the longitudinal stent
struts (Fig. 2). We then align this marker with one of the valve
commissures to aid visualization in the MRI in order to make the
orientation and positioning of the implanted valve more precise.

The stent is a chevronlike cylinder made of a biocompatible
nickel-titanium alloy (nitinol), which assumes a “preprogrammed”
final configuration upon release from the delivery system and
exposure to body temperature. The stent has nine rods—three of
these are aligned with the valve commissures (Fig. 1(b))—and a
chevron repeating pattern along the length of the cylinder (Fig. 2),
with flared ends (R). The nine rods connected by the chevron-
shaped struts form a nine-sided polygon. We consider that the
design based on chevron repeating pattern along the length of the
stent presents advantages over the preview stent design based on
diamond cell configuration. In this design, the length of the stent
stays unchanged at both crimped and expanded status, and

Fig. 1 (a) Self- expanding stent; (b) bioprosthetic valve affixed
in self-expanding stent

Fig. 2 Unfolded geometry with technical details of the stent
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therefore, it prevents stress on the bioprosthetic valve especially
at commissures suturing areas. The chevron geometry also pre-
vents the migration of the stent at systole (high blood pressure)
because of the self-anchoring properties of the chevron spikes.
Another important feature is the flare end that also helps to better
affix the stent in the aortic root.

Unfolded geometry with technical details of the stent construc-
tion is presented in Fig. 2. The values of the geometry parameters,
diameter (D), length (L), thickness (w) and strut width (ws) give
the radial force and flexibility (strength) of the stent.

Pressures applied to a blood vessel will cause a hoop force, or
circumferential loading of the vessel. The hoop force per unit
length of vessel (fH) is defined in Ref. [25] as fH¼ p � d/2, where p
is the pressure and d is the vessel diameter. Assuming a systolic
pressure in the aorta of p¼ 120 mmHg and a 25 mm vessel diame-
ter, a hoop force of 0.2 N will result. After insertion into the aortic
root, the stent is released and is expands until it comes into contact
with the aorta. At this point, further expansion of the stent is pre-
vented. Because the stent did not expand to its preset shape, it
continues to exert a low outward force, known as chronic outward
force [26]. Therefore, we can associate the hoop force with
chronic outward force. Otherwise, the stent needs to have enough
radial force to stay in position but not to exert excessive radial
force to the aortic root. To reach the proper chronic outward force
(0.2 N), the stent should be 1–2 mm wider than the aortic root
diameter and have the design parameters of stent thickness
w¼ 0.43 mm and strut width ws¼ 0.5 mm. Unconstrained
expanded stent diameter (D) and length (L) were chosen to prop-
erly accommodate a commercially available bioprosthesis in the
aortic root of the animals for experiments. We found that the
diameter of the aortic root of the average swine we operated on
was in the range of 21–27 mm. For an aortic root with the most
common dimension as 24–25 mm in diameter, a valve with 25 mm
affixed with a stent with a 26 mm diameter was a good fit. A stent
length of 35 mm was found to provide space for supporting com-
missure and extra length for proper scaffolding of the bioprosthe-
sis in the aortic root.

In order to allow for retraction and redelivery of the prosthesis
during the placement procedure, circular holders (c) were
designed on the bottom of the stent (Fig. 2). The circular holders
can be grasped by a snare loop catheter, which is then used to
hold or retract the prosthesis for repositioning. The stent can be
reconstrained if it has been partially released (approximately
66%) but cannot be reconstrained once it has been completely
released. Partial release of stent not only helps the surgeon to
better observe the stent’s position and orientation on the MR
image, it also helps to adjust the position and orientation of the
stent. The loop snare wire system also prevents early or accidental
prosthesis deployment.

The stent is machined from a nitinol tube using computer nu-
merical control (CNC) Nd:YAG laser cutting followed by post cut
shape forming. Subsequently, electropolishing techniques are
used to remove the heat affected zone, recast materials, and sharp
edges yielding a stent with smooth surfaces.

2.2 Stent Delivery System Design. To deliver the biopros-
thetic valve inside the aortic root a delivery device was developed.
The delivery device is made from plastic materials and is fully
MRI compatible (Fig. 3).

The bioprosthetic valve was sutured into a self-expanding stent;
then the stent was crimped and placed inside outer sheath at the
distal end of the delivery system (Fig. 3). Upon release of the stent
by retraction of the outer sheath, the stent together with the bio-
prosthetic valve expands to its predetermined diameter.

The deployment system (Fig. 3) is a dual lumen, coaxial tube
system consisting of an inner carrier rod (1), which connects to
the back handgrip (2), and a coaxial outer sheath (3), which con-
nects to the back handgrip (4). The interior carrier rod (1) with
handle pushes the prosthesis for deployment and through an inte-
rior channel provides access for a loop snare wire.

To prevent blood leakage, a modified Check-Flo
VR

Introducer
set French size 14 (Cook, Bloomington, IN) is used inside of the
spacer (5). The loop snare wire system (6) holds the stent and pre-
vents accidental deployment. To improve visibility of the delivery
device and bioprosthesis in the MR image before deployment a
loop coil antenna was embedded in the delivery device. The loop
coil antenna (7) was constructed and adapted to the valve delivery
system in ISO class 7 cleanroom. The loop coil was manufactured
using insulated 0.127 mm magnet copper wire (Heraeus Medical
Components Inc., St. Paul, MN) and the coil length was adjusted
to 28 mm with 0.66 mm outer diameter. As a transmission line for
the loop coil antenna a 0.152 mm profile twisted pair was used.
The whole structure was insulated by using medical grade polyes-
ter heat shrink tubing. The loop coil antenna was matched to 50 X
and tuned to Larmour frequency of 1.5T MRI scanner. The match-
ing/decoupling circuit box was attached to the loop coil antenna
by microminiature coaxial (MMCX) type rf connectors (8)
(Microstock Inc., West Point, PA). The loop coil antenna was
fixed into the groove cut on exterior tube of valve delivery system
by using medical grade ultraviolet (UV) adhesive (Loctite 3211,
Loctite Inc. Rocky Hill, CT). The delivery system can be inserted
through a 5–12 mm VersaStepTM Plus trocar (Tyco Healthcare
Group LP, North Haven, CT) and is fully MRI compatible.

2.3 Stent Material. Superelasticity, shape memory effect,
excellent biocompatibility, corrosion resistance, MRI compatibil-
ity, and resistance to fatigue make nitinol the material of choice
for medical applications, especially for stents.

The corrosion resistance, biocompatibility, and premature
stent failures reported in some clinical studies are the subjects of
research and are influenced by the technology of stent fabrications
and methods of surface preparation [27–29]. Properly treated
nitinol stents are very resistant to corrosion and are fully biocom-
patible [30].

Nitinol is MR safe and produces low susceptibility artifacts in
MR image, similar to pure titanium. Nitinol’s MRI compatibility
offers the possibilities to use rtMRI for continuous evaluation
of the delivery of the prosthesis throughout the procedure. For
example, TAVR can be performed on the beating heart without
requiring ventricular unloading.

For stent fabrication we chose a nitinol tube with
o.d.¼ 5.842 mm and i.d.¼ 4.978 mm. Material composition (per
ASTM 2063) was: 55.91%Ni weight and the balance Ti. Mechani-
cal properties for this material are: loading plateau stress (at 4%
strain) 381.9 MPa; ultimate tensile strength 1261.9 MPa; perma-
nent set (after 8% strain) 0.50%.

Fig. 3 The bioprosthesis delivery systems with loop coil
antenna
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2.4 Experiment Setup for Radial Force Measurement.
First, we tested the new nitinol stent in ex vivo experiments to
determine the chronic outward force, radial resistive force, MRI
compatibility, and integrity of bioprosthetic valve after each
crimping.

Chronic outward force, defined by Stoeckel [26], is a measure
of the force the stent exerts on the artery as it tries to expand to its
nominal diameter. The radial resistive force [26] is a measure of
the force the stent exerts as it resists squeezing by constriction of
the artery.

The critical parameters, chronic outward force, and radial resis-
tive force were measured with a custom designed device presented
in Fig. 4. The device consists of two sets of constraining loops;
one set is connected to the base and the other is located in the
opposite side of the stent and actuated with a force measured by a
mechanical force gauge—model PS-20 (Imada Inc., Northbrook,
IL). The test was performed in a temperature controlled
(37 �C 6 1�) water bath.

The stent sample (without bioprosthesis) in a fully expanded
state (26 mm) was placed into the constraining loops (Fig. 4) of
the testing device, and the device was actuated to crimp the stent
to its minimum size (8 mm). Then the force was reversed until the
stent achieved its fully expanded state of 26 mm diameter. The
forces used to contract and expand the stent were incrementally
recorded for each 1 mm change in stent diameter. The measure-
ments were repeated for n¼ 5 stent samples with the same
diameter.

The testing experiment was repeated for the stent/valve ensem-
ble for n¼ 5 stent/valve samples. For each stent (26 mm in diame-
ter), a matched size (25 mm) Toronto SPV aortic valve was
sutured inside. The stent/valve sample in a fully expanded state
was placed in the testing device (Fig. 4), and the device was actu-
ated to shrink the stent/valve to its minimum size (10 mm). Then
the force was reversed until the stent/valve achieved its fully
expanded state of 26 mm in diameter. The minimum compressed
stent/valve diameter was limited to 10 mm because this type of
bioprosthetic valve has a tick cuff. The force to squeeze the stent
was reported in Fig. 5 as radial resistive force per unit length and
the force the stent exerted to gain its fully extended diameter was
reported as chronic outward force per unit length in N. MRI com-
patibility was tested using the same MRI sequences that we used
for aortic valve replacement under MRI guidance [17,31–33]. The
marker visibility during MRI was evaluated. The passive marker
is a small paramagnetic stainless steel strip with dimensions

0.6� 0.25� 0.1 mm, Nd:YAG laser welded on the outer surface
of the stent aligned with one of the prosthesis commissures.

2.5 In Vivo Experiments. Finally, the stent was tested via
in vivo experiments. After fabrication, ten stents were sterilized
using ethylene oxide (ETO) sterilization and the appropriately
sized aortic bioprostheses—Toronto SPV (St. Jude Medical) or
modified Freestyle (Medtronic Inc.)—were mounted inside of the
corresponding stent and were implanted through a direct left
ventricular apical access under real-time MRI guidance in large
animals. We chose Yucatan pigs (45–57 kg) as the animal model
for the preclinical studies. The principle reasons for this choice
are the similarity to the cardiac anatomy of humans and suitability
for long-term studies because growth is somewhat limited com-
pared to domestic strains over the 6 months of follow up.

We have previously described the transapical aortic valve
replacement procedure under MR guidance [17,31–33] using both
balloon-expandable and self-expanding stents. The goal of the
study was to determine the feasibility of using real-time MRI to
implant an approved commercially available aortic valve biopros-
thesis. Standard MRI was used to precisely identify the anatomic
landmarks of the aortic annulus, coronary artery ostia, and the
mitral valve leaflets. Three imaging planes were selected for real-
time imaging. Two of these provide long axis views of the left
ventricle, aligned with the right coronary artery (RCA) origin
(digitally marked) and the left anterior descending (LAD) coro-
nary artery origin (also digitally marked). The third plane provides
a short-axis view of the aortic valve. The long-axis and short-axis
views were interactively modified to show the path of the delivery
device. The surgeon viewed the real-time imaging on a projection
screen in the MR room while manipulating the deployment device
within the animal in the magnet. The loaded delivery device first
enters into the ascending aorta and the edge of the inner rod is
placed at the aorta annulus level. The retraction of the outer sheath
will let the crimped prosthesis expand and affix to the desired
position. During the procedure, the electrocardiographic rhythm,
oxygen saturation, end-tidal CO2, and instantaneous arterial and

Fig. 4 Device for radial force measurement

Fig. 5 (a) Chronic outward force (curve 2) and radial resistive
force (curve 1) for stent alone; (b) resistive force (curve 3) and
chronic outward force (curve 4) for stent and Toronto SPV, St.
Jude valve mounted together
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ventricular blood pressure of the animals were monitored. The
surgeon was in contact with the scanner operator by means of
headphone and a microphone (Magnacoustics, Atlantic Beach,
NY) to request changes in the imaging planes as needed. After
implantation the trocar was removed and the apex closed with
purse string sutures. Postplacement, MR images were acquired to
confirm the position of the prostheses and assess the function of
both the prosthetic valve and the heart. Gadolinium contrast
enhanced MRI was performed to assess perfusion and rule out
coronary ostia occlusion. Finally, phase contrast was done to eval-
uate for intra- or paravalvular leaks. The animals were evaluated
with MRI and echocardiography at 1, 3, and 6 months. The ani-
mals were sacrificed and the hearts harvested at 6 months and the
histopathologic evaluation was performed.

All experiments were performed under protocols approved by
the NIH Animal Care and Use committee.

3 Results

3.1 Ex Vivo Experiment Results. In Fig. 5(a), the chronic
outward force (curve 2) and resistive force (curve 1) are depicted
for a stent with the following geometric parameters: unconstrained
expanded diameter D¼ 26 mm, length L¼ 35 mm, thickness
w¼ 0.43 mm, strut width ws¼ 0.5 mm. For comparison, in
Fig. 5(b) the resistive force (curve 3) and chronic outward force
(curve 4) are depicted for the stent with the same geometric
parameters with a 25 mm Toronto SPV valve sutured inside.

In Fig. 5(b), values of radial resistive force and chronic outward
force are increasing sharply for crimping the stent and valve under
12 mm (Toronto SPV valve presents a thick cuff making it diffi-
cult to squeeze under 12 mm diameter). Stress hysteresis during
compression and extension allow nitinol stents to exert relatively
small chronic outward forces, which is desirable to not inflict
damage to the aortic wall, but high enough to anchor the biopros-
theses in the aortic root. Having greater radial resistive force the
nitinol stents resist deformation with a greater force yielding an
optimum geometry for the valve to be fully deployed.

A visual inspection trough direct vision and under magnified
(10X) lenses was performed for each stented valve sample (n¼ 5)

before crimping and after the stented valve was crimped and
expanded. In Fig. 6 a 25 mm modified Freestyle, Medtronic valve
is presented mounted in a 26 mm stent before crimping and after
crimping/expansion. No structural damage was visible on the
valve or stent.

The stainless steel passive marker with its dimension presented
in Sec. 2.4 provides a distinct image artifact, visible as a dark spot
with a diameter of about 10 mm (Fig. 7) and is used to indicate
the orientation of the stented prosthesis at the time of implantation
as well as after.

Because the contact of nitinol and stainless steel can result in
corrosion if placed in a humid environment either an insulating
layer between the stent and the marker is used or the entire assem-
bly has to be coated with a protective coating.

It is well known that a metal stent creates a Faraday cage effect
(it shields radio frequency signals) and makes the functionality of
the bioprosthetic valve difficult to spot. The Faraday cage effect
for the nitinol stent is less visible (Fig. 7) compared with
platinum-iridium stent, for example.

3.2 In Vivo Experiment Results. All ten large animals
implanted with self-expanding stents and bioprostheses survived
and were sacrificed per protocol at 6 months, then the hearts were
harvested and histopathologically investigated.

rtMRI provided excellent visualization of the valve implanta-
tion with a self-expanding stent. In Fig. 8, three steps of the
stented prosthesis deployment under MRI guidance are presented.

The histopathology reports revealed that all the devices
appeared to be properly seated in the aortic root, the stent is bio-
compatible, and fully functional. Both coronary ostia were widely
patent and unobstructed by the stent frame or leaflets. The proxi-
mal end of the stent was well seated over the native valve annulus
with no gaps noted between the stent frames, annulus, or aortic
root. Distally, the stent was well opposed to the aortic wall and all
strut tips appeared covered by neointimal growth.

Radiographs of the heart taken from anterior and lateral aspects
show a well-expanded frame in the aortic root. In Fig. 9 two radio-
graphs of one specimen show an intact prosthetic valve stent
frame without any fractures and mild tapering of the device from
proximal to distal end.

Fig. 6 A 25 mm modified Freestyle, Medtronic valve is presented mounted in a 26 mm stent
before crimping and after crimping at 10 mm diameter

Journal of Medical Devices DECEMBER 2012, Vol. 6 / 041006-5



At the proximal end of the device, the longitudinal struts were
symmetrically expanded with all struts completely incorporated
within neointimal growth. At the level distal to the prosthetic leaf-
lets, the left and right coronary ostia were both widely patent and
unobstructed by the commissure tips. However, stent struts are
observed in the center of both ostia, but did not obstruct blood
flow of either ostia and none were covered with neointimal tissue.

In Fig. 10(a) a whole mount view of a section at the proximal-
most end of the device showing complete incorporation of the
stent struts and focally where the skirt fabric (Dacron) bundles are
presented; a high power view of the inferior edge of the device
showing moderate chronic inflammation surrounding stent strut
and adjacent skirt material and surrounding hemosiderin deposi-
tion (brown pigment) is presented in Fig. 10(b); and Fig. 10(c)

presents higher magnification of a boxed area in 10(a) showing
stent strut frame surrounded by a mild chronic inflammation and
neointimal thickening with underlying right mitral valve trigone.
Figure 10(d) presents higher magnification of the superficial
region of the skirt fabric bundles and surrounding chronic inflam-
mation and hemosiderin deposition.

In Fig. 11(a), shows the most distal section of the prosthetic
valve in aorta where only the stent frame is present and is sur-
rounded by mild neointimal tissue which, completely covering
the stent struts (Fig. 11(b)). Figure 11(c) is a high power view of
the stent strut from Fig. 11(b) showing complete coverage of the
stent strut by neointimal growth and surface endothelialization.
The distal end of the stent was circular in shape with even apposi-
tion of the stent frame to the aortic wall and complete neointimal

Fig. 7 Image artifacts of the stainless steel marker on the stent under MRI. (a) Transversal
section; (b) long axis section.

Fig. 8 Self-expanding stented prosthesis deployment. (a) Stented prosthesis in delivery
device, (b) stented prosthesis partially deployed, (c) stented prosthesis fully deployed.

Fig. 9 Radiographs of the heart taken from anterior (a) and lateral (b)
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coverage of the stent struts with surface endothelialization and no
peristrut inflammation. The aortic wall was free of luminal throm-
bus. The chronic inflammatory infiltration with surrounding neo-
intima at the commissures and adjacent struts and skirt material is
consistent with the normal healing processes.

4 Discussion

Despite satisfying ex vivo and in vivo results in initial experi-
ments, more stent design optimization and thorough stent/valve

bench tests need to be conducted for future clinical application.
Computational methods such as finite element method (FEM)
play an important role in design optimization and evaluation of
the mechanical properties of stents. The mechanical properties of
the stents, especially radial force and fatigue depend on stents
design parameters such as strut thickness, strut width, radius of
curvature, stent geometry, stents material, and subsequent shape
forming. In-depth FEM study of the stent design is necessary for
evaluating the impact of design parameters on stent radial force
and fatigue. Stress/strain analysis, combined with fatigue analysis

Fig. 10 The histopathology results at the proximal most end of the device. (a)
Proximal section of the prosthetic valve; (b) high power view of the inferior edge of
the device; (c) higher magnification of a boxed area in (a); (d) higher magnification
of the superficial region of the skirt fabric bundles and surrounding chronic
inflammation.

Fig. 11 The histopathology results at the most distal section of the prosthetic
valve. (a) Distal section of the prosthetic valve; (b) mild neointimal tissue com-
pletely covering the stent struts; (c) is high power view of the stent strut from (b).
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of the stent, provides an indication of device durability. Acceler-
ated durability testing of stents validates fatigue analysis and eval-
uates failure modes such as fretting, wear, and fracture. Also,
durability testing can help in the identification of device condi-
tions, such as manufacturing, shape forming, or material
anomalies that are not previously modeled using analytical or
computational methods. All the stents analyses and tests need to
comply with Food and Drug Administration (FDA) recommenda-
tions for stents and associated delivery systems [34]. The durabil-
ity of stent/replacement heart valves ensembles should be
assessed using accelerated wear testing methods [35,36].

5 Conclusion

In this study, we proved that the custom designed self-
expanding stent, a commercially available valve, and their associ-
ated delivery system are safe and reliable to be used for aortic
valve replacement under rtMRI guidance.

The new self-expanding stent was designed to exert a constant
radial force and therefore, better fixation of the prosthesis in the
aorta, resulting in long-term preservation of normal valve and
heart function.

The stent design consisting of nine longitudinal rods connected
by chevron-shaped struts has three main advantages: prevents the
stent from being dislodged by arterial pressure; allows the stent to
be retracted in the delivery device; and allows the prosthetic valve
to be compressed in the delivery device and deployed to the site
without structural stress or damage. Also, the flared ends provide
a better fixation of the stent to the implantation site.

The passive stainless steel marker aids precise orientation and
positioning of the stent under MRI guidance.

The grasping members allow for the possibility of the stent to
be retracted in the delivery device with a snare catheter.

Nitinol used for stent construction, presents several advantages:
biocompatibility—shown by the histopathology report—and
excellent corrosion resistance; good kink resistance—the stent can
be completely compressed or crushed and will return to its origi-
nal diameter when the acting force stops the interaction; and good
MRI compatibility.

In vivo results show that all ten animals survived and the
stented valves were properly seated in the aortic root. The histopa-
thology reports confirm that the stent is biocompatible and the
stented valve is fully functional. However, for clinical application,
more research needs to be conducted. The next step is to work
closely with the industry to further optimize the prosthesis, the
delivery device, and the procedure overall.
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