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Objective: to justify the design of a self-expanding transcatheter aortic valve prosthesis based on a biomaterial
stabilized with ethylene glycol diglycidyl ether using numerical simulation and a series of field experiments with
working prototypes to determine the consistency of the proposed design solutions. Material and methods. Nu-
merical computer models of a developed aortic valve prosthesis intended for transcatheter implantation, as well as
prototypes of the most promising concepts for a series of field tests, were used in the work. Computer 3D models
were subjected to numerical analysis in the Abaqus/CAE environment (Dassault Systemes, France) based on the
finite element method with iterative design optimization and repeated numerical experiments. Physical prototypes
of the transcatheter prosthesis were subjected to a series of mechanical tests for axial and radial compression, as
well as tests on a Vivitro hydrodynamic stand (Vivitro Labs, Canada) under simulated normal flow. All studies were
carried out in a comparative aspect with a similar transcatheter aortic valve prosthesis (control), the CoreValve™
bioprosthesis (Medtronic, Inc., USA). Results. Computer simulation demonstrates the stress-strain state values
that do not significantly exceed the critical levels (628 and 756 MPa versus the threshold value 1080 MPa) for
two basic concepts of support frames. The fatigue strength based on the calculation of the mean and alternating
stresses corresponding to normo- and hypertensive states based on the Goodman diagrams, did not reveal any
evidence that the threshold values (destruction area after 200 million cycles) were exceeded. The hydrodynamic
characteristics of working prototypes made on the basis of computer models correspond to the testing data of
CoreValve™ clinical bioprosthesis: the effective orifice area was 1.97 cm?, the mean transprosthetic gradient was
8.9 mm Hg, the regurgitant volume was 2.2—4.1 mL per cycle depending on the prototype model. Conclusion.
Generally, experiments carried out showed the consistency of the concepts, including from the point of view of
implementation of the leaflet apparatus based on xenogeneic tissues treated with ethylene glycol diglycidyl ether.
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simulation.

INTRODUCTION

Transcatheter aortic valve replacement (TAVR) is a
minimally invasive approach, which has gained consi-
derable acceptance in the last decade. The procedure is
intended for patients with high-risk aortic stenosis, who
are not eligible for surgical replacement due to signifi-
cant risks associated with comorbidity and recipient age.
Being much less invasive than the surgical alternative,
TAVR can shorten the rehabilitation period and provide

on this type of preservation — first of all, calcification
[2] and structural degeneration [3] — prevents us from
concluding that such prostheses have significantly long
functioning period, and, therefore, that they can be used
for low-risk patient groups. [4], for which the prosthesis
should last longer. Among the methods of xenograft sta-
bilization for cardiovascular surgery in Russia, ethylene
glycol diglycidyl ether (EGDE), which is more resis-
tant to calcification due to its chemical structure [5], has

treatment for aortic stenosis in high- to moderate-risk
patients [1].

Common to all FDA- and CE-approved TAVR de-
vices is the valve material, which is made of glutaral-
dehyde-fixed equine or porcine pericardium. Neverthe-
less, the existing pool of prosthetic dysfunctions, based

been highly recommended, and the clinical results of the
use of EGDE-based heart valve prostheses confirm its
durability [6]. Potentially, TAVR constructions based
on this type of stabilization should not be inferior to
existing glutaraldehyde-treated prostheses in terms of
mechanical properties and hemodynamics. This work
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presents an experimental justification of the design of
a self-expanding transcatheter aortic valve prosthesis
based on an EGDE-stabilized biomaterial.

MATERIALS AND METHOD
Design input

Based on studies on TAVR features and results, ana-
lysis of design solutions of existing transcatheter valves
and their shortcomings (analysis of the literature of the
current state) [7, 8], analysis of new experimental pros-
theses [9, 10], as well as analysis of regulator require-
ments, the basic design characteristics of medical pro-
ducts were determined. The main prerequisites for the
design of aortic valve prosthesis were:
The prosthesis represents a stent-type support frame,
on which three symmetrical leaflets, made of biolo-
gical material and a veneer in the inflow area, are
mounted.
Structurally, the prosthesis consists of three intercon-
nected zones that provide the functions — (1) fixation
in the lumen of the annulus fibrosus or dysfunctional
prosthesis; (2) preservation of the symmetrical geo-
metry of the cusp and the possibility of its closure;
(3) ensuring fixation in the sinotubular articulation
area while maintaining the geometry of the cusp un-
changed.
The technology chosen for the support frame was the
use of a self-expanding structure based on a supere-
lastic titanium nickelide alloy. This solution, highly
recommended in the clinical practice of TAVR, ad-
ditionally, would not require the development of a
complex delivery system, as in the case of alternative
solution, balloon implantation.
The prosthesis cusp must not interfere with the pa-
ckaging into the delivery system, hence, have a mini-
mum thickness, while maintaining sufficient strength
and providing the necessary closure zone (co-opta-
tion), which is ensured by using EGDE-stabilized
porcine xenopericardium.
The original geometry of the support frame should
allow laser cutting from a small-diameter 6 mm (18 Fr)
tube for subsequent packaging in a minimal profile de-
livery system.

Concepts

Components of the developed prosthesis were desig-
ned through a series of numerical experiments to assess
the main functional characteristics —radial forces, stress-
strain state, and fatigue-strength characteristics. For this
purpose, two primary concepts of a stent-based support
frame were developed: “classical” and “inclined” cell
topology. The main difference in the second case was
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the inclination of three cell rows — two in the inflow
area and one in the outflow. Such a feature, presumab-
ly, should provide a special pattern for subsequent pre-
implantation packaging into the delivery system — due to
the twisting of the support frame. Support frame models,
implemented in the form of two-dimensional sweeps
for subsequent formation of volumes, were built in the
SolidWorks (Dassault Systemes, France) design software
(computer-aided design).

Numerical Simulation

The resulting concepts were subjected to numerical
analysis in the Abaqus/CAE environment (Dassault Sys-
temes, France) based on the finite element method with
iterative design optimization and repeated numerical
experiments. For this purpose, C3D8 hex element grid (a
general-purpose 3D hexagonal element, fully integrated
with 8 nodes, n = 105,000) was obtained on the basis of
three-dimensional models. The study was performed for
a series of load tests, including:

1) Giving the final shape to the support frame (Fig. 1, a,
b) from the initial 6 mm to the final geometry of
variable diameter, fitting size 25 mm for the area con-
taining the cusps. The criterion for the consistency
of the design was the absence of elements with high
stress values exceeding the ultimate strength of the
material (o = 1522.4 MPa [11]).

Axial stiffness test of the inflow area (Fig. 1, b) to
assess fixation forces at 75% relative to the original
diameter. The resulting stress-strain curves were eva-
luated.

Radial compression test (Fig. 1, b) to assess the force
with which the device will exert pressure on the an-
nulus fibrosus in the implanted state, in particular, in
the cardiac conduction system passage area, i.e. the
area responsible for the occurrence of the left bundle
branch block.

The cyclic fatigue test based on the average and alter-
nating stress diagrams — the ability of the structure to
withstand prolonged alternating load — demonstrated
for the final models the ability to operate without node
destruction under the action of normal and elevated
pathological pressures —up to 160 mmHg (0.21 kPa).

2)

3)

4)

Real-life experiments

The developed drawings of the support frames for-
med the basis for the prototypes of two versions of the
TAVR prosthesis: one based on the “classical” design
and two based on the “inclined” design (Fig. 2, a). Tita-
nium nickelide tubes with 6 mm diameter and 0.5 mm
wall thickness were manufactured by laser cutting, with
subsequent shaping by heat treatment with a phase trans-
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formation temperature of 17 + 3 °C and surface treatment
by mechanical and electrochemical polishing.

The obtained support frames were subjected to a se-
ries of mechanical tests for axial and radial compression
in comparison with the control — a CoreValve™ biop-
rosthesis support frame (Medtronic, Inc., USA) of the
same standard size. For this purpose, the specimens were
placed in plate clamps or radial grips of ZwickRoell uni-
versal testing machine (ZwickRoell, Germany) and com-
pressed by 75% in axial (Fig. 3, a) and radial (Fig. 3, b)
directions, with registration of force-deformation curves.

To create the cusp and the lining, the templates were
designed, according to which the necessary components
were made by laser cutting using the thickness mapping
of EGDE-stabilized porcine xenopericardium. Then, by
consecutive mounting of all elements of the prosthesis
on the support frame with the help of sutures according
to well-known methods, working prototypes of prosthe-

ses (Fig. 2, b) were made for hydrodynamic tests under
real-life experiments on a stand. Hydrodynamic charac-
teristics were studied in a Vivitro pulsating flow setup
(Vivitro Labs, Canada), in which normal blood flow was
simulated: 70 mL stroke volume, 5 L/min cardiac output,
and 120/80 mm Hg pressure. Results: the effective orifice
area, maximum and mean transprosthetic gradients, and
regurgitant volume were recorded for 10 steady-state
cycles. A 25-size commercial CoreValve™ bioprosthesis
was used as control values.

RESULTS
Numerical simulation

The following characteristics were obtained from
numerical analysis of load tests:
1) Giving the final shape to the support frame from the
initial 6 mm to the final geometry of variable diame-
ter, up to 22-31 mm with a fitting size of 25 mm did

a “Classical” support frame concept
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Fig. 1. Two primary concepts of a support frame based on stents “classical” (a) and “inclined” (6) topology of cells, computer
models: initial flat sketch for laser cutting machine; initial state, similar to the manufactured one; final state obtained by the
finite element method; B — an example of numerical tests for design optimization: axial stiffness test with slabs; radial stiffness
test with a cylindrical surface; alternating stress diagram for evaluating cycle durability
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not cause a critical increase in the stress-strain state of

the nodes: the average weighted value of node stress

was 341 (110-628) and 258 (53—756) MPa depending
on the concept at the threshold level (1080 MPa),
taken as the ultimate strength of titanium nickelide

(Fig. 4, b).

The axial stiffness test (Fig. 4, a) of the inflow area

yielded values ranging from 11.3 to 17.1 N as the

total force to estimate the fixation forces.

The radial compression test (Fig. 4, a) showed similar

findings, with radial forces for the “classical” and

“inclined” concepts — 12.4 and 16.8 N, respectively,

with slightly higher values for the CoreValve™ bio-

prosthesis (up to 21.3 N) [12].

4) Cyclic fatigue test showed that the resulting alterna-
ting stresses do not exceed 36-50 MPa. The average
stress variations, taking into account the previously
formed stress-strain state, are 410-513 MPa — below
the ultimate fatigue strength (S-N curves 400 MPa

[13]).

2)

3)

Real-life experiments

It was shown that the maximum axial force in the
case of the developed support frames was 12.8—15.6 mm,
depending on the geometry and, in general, weakly de-
pended on the frame area. For the control case, the Core-
Valve™ bioprosthesis, there was a clear dependence
of forces on the prosthesis area: 12.4 N for the inflow
area and 7.58 N for the outflow area. The 75% radial
compression force generated for the experimental pros-
theses was also shown to be weakly dependent on the
prosthesis area, being 11.6—-17.0 N, while in the control
case it ranged from 20.6 N (inflow area) to 8.1 N (out-
flow area). In all cases, a clear hysteresis dependence of
the frame properties under loading and unloading was
obtained — formation of a specific stress-strain curve
loop that is characteristic of titanium nickelide. It was
shown that the ranges of forces created by the support
frames in a real-life experiment, firstly, agree with the
findings of numerical experiments, which made it pos-
sible to verify computer simulation, and secondly, agree
well with the properties of the commercial CoreValve™

Fig. 2. Supporting frames and prototypes of TAVR-prosthe-
ses, containing a valve apparatus and facing of the inflow
zone, of two concepts: based on the “classic” cell and
“inclined”

prosthesis, which is widely used in in TAVR clinical
practice in Russia.

Quantitative results of the hydrodynamic study are
shown in Table.

DISCUSSION

Designing a new transcatheter aortic valve prosthesis
is a complex task that requires investigation and justifi-
cation of the geometry and properties of all its compo-
nents — the support frame, the cusp, and the subsequent

Table
Hydrodynamic characteristics of the studied prostheses
Indicator “Classical” design “Inclined” design Control
Effective orifice area, cm’ 2.17+0.32 1.97 £ 0.21 2.34+0.11
Maximum transprosthetic gradient, mm Hg 13.9+6.5 17.5+8.8 10.4+£6.2
Mean transprosthetic gradient, mm Hg 7.1+3.8 89+43 5.1+2.1
Regurgitant volume, mL/cycle 22+1.8 41+23 2.8+2.6

Note. All data are presented as mean + standard deviation, calculated over 10 steady-state hydrodynamic cycles.
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validation of the assembled structure. The present stu-
dy demonstrates an analysis of the two most important
risks for TAVR — excessive pressure on the areas of the
cardiac conduction system around the annulus fibrosus
and hemodynamic efficiency. The first aspect determines
the possibility of conduction abnormalities — primarily
atrioventricular block resulting from mechanical com-
pression, while the second determines the development
of para- and transprosthetic regurgitation due to loose en-
gagement of the prosthesis with the surrounding tissues
or violations of the leaflet geometry. Clinical experience
with the use of self-expanding TAVR prostheses demons-
trates the prevalence of these two effects in the compli-
cation structure of this type of prosthetic repair [14].
The study of mechanical properties and stress-strain
states through numerical and real-life experiments, de-
monstrates the consistency of the proposed concepts.
The arising internal forces (stress) do not reach critical
values, constituting much lower amplitudes even for
loaded structural nodes. The value of such a “safety mar-
gin”, on one hand, does not cause risk of failure of the

“Classical”

prosthesis sections, even with additional loads (bends
during the passage of the patient’s vascular bed), on the
other hand, it makes it possible for in-depth optimization
of the design: changes in the geometric parameters of the
cell, i.e., potential reduction in the prosthesis diameter in
the pre-implantation state — the delivery system profile.
External forces generated by the support frame in the
radial and axial directions are largely consistent with the
control — the CoreValve™ clinical bioprosthesis, which,
despite complications, has a high evidence base for its
effectiveness. It can be assumed that the proposed design
will demonstrate similar fixation results in the aortic val-
ve lumen. The concepts show lower radial forces in the
annulus fibrosus, suggesting a lower risk of compression
of the conduction system. However, this thesis should be
confirmed by an extended series of experiments, inclu-
ding assessing the fixation reliability. Fatigue modeling
data showed a slight change in the stress in the systole-
diastole cycle for both models, suggesting that the frame
is functioning in an “infinite” range and predicting com-

Fig. 3. Setting up full-scale experiments with prototypes of supporting frames and working prototypes of an assembled pros-
thesis: a — study of mechanical properties in a universal testing machine for axial compression; 6 — the same for radial com-

pression; B — stand for hydrodynamic testing of prostheses; r —

view from the inflow zone of the prototype valve prosthesis

installed in the hydrodynamic stand; 1 — view from the outlet zone to the closed flap apparatus
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pliance with the requirements to withstand 200 million
systole-diastole cycles without failure.

In vitro hydrodynamic characteristics are the main
indicator of bioprosthesis performance; in a comparative
aspect, they show generally satisfactory results. Com-
parison of the performance of glutaraldehyde-stabilized
xenopericardial leaflets (CoreValve™ control biopros-
thesis) and the concepts in question based on EGDE-
stabilized biomaterial confirmed the acceptability of the
latter for TAVR prostheses. Quantitative characteristics —
effective orifice area and the transprosthetic gradient
determining the opening of the cusp, indicate sufficient
elasticity and mobility of the leaflets. The regurgitant
volume, comparable both with bioprostheses for open
intervention [15, 16], and with the control, in turn, con-

CONCLUSION

The series of studies carried out demonstrates the
consistency of the developed support frame concepts,
including from the point of view of implementing the
cusp based on EGDE-treated xenotissues. Validation of
working prototypes in the hydrodynamic evaluation unit
in a comparative aspect with the clinical specimen of a
similar TAVR bioprosthesis confirmed the satisfactory
functional characteristics of the models developed.

The study was funded by a grant from the Russian
Science Foundation (project No. 18-75-10061) on the
topic “Research and Implementation of the Concept of
Robot-Assisted Minimally Invasive Aortic Valve Repair”.

firms the cusp closure tightness and creation of tight

contact with the annulus fibrosus in vitro model. The authors declare no conflict of interest.
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