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The aim of the investigation is to assess the possibility of predicting the outcome of transcatheter aortic valve prosthesis implantation in
real clinical practice on the basis of patient-specific modeling.

Material and Methods. Modeling of transcatheter bioprosthesis implantation was carried out based on clinical data of a patient aged 72
years. Multispiral computed tomography (CT) was performed before and after the operative intervention. Reconstruction of aorta and valvular
apparatus geometry was done on the basis of obtained slices using computer-aided design (CAD). With the help of microcomputer tomography
and a series of projection images and mathematical algorithms a 3D-model of the frame was reconstructed, on which a 3D-mesh from 17,000
cubic (C3D8)-elements was built. Simulation of the system component interaction was conducted using a finite element method involving a
number of successive steps: preliminary balloon dilatation — frame compression in the catheter — releasing the frame from the catheter. To
evaluate the accuracy of modeling results compared to the CT data of the patient with the implanted bioprosthesis a proprietary algorithm was
developed using MATLAB R2014a software (The MathWorks, USA). Arrays of points corresponding to the center of the supporting frame beams,
obtained in 11 orthogonal sections, were used as input data.

Results. Peculiarities of patient-specific approach to modeling the implantation of transcatheter CoreValve bioprothesis by means of the
developed bioinformation algorithm has been analyzed. We managed to achieve a high convergence of simulation and CT data for the frame
inflow area (the difference of the simulation results for the first three layers did not exceed 4%). Comparison of the results in terms of the
annulus area has also demonstrated a high convergence: the identity amounted to more than 90% for the inflow and middle zones of the
supporting frame.

Conclusion. The highest level of detail, including calcium conglomerates modeling, as well as a comprehensive description of nonlinear
elements of the system under study accurately reproduces the process of implantation of the transcatheter aortic valve prosthesis.
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Transecatheter implantation, first performed by Alain
Cribier a decade ago, has became currently a new
standard of aortic stenosis correction for inoperable
patients and patients with a high perioperative risk [1].
A clinical experience accumulated during the following
years allowed, on the one hand, confirmation of the
efficacy of this method, and on the other hand, revealing
some of its drawbacks: e.g. the risk of significant
regurgitation directly correlating with an increase of
mortality rate [2, 3]. The main cause of such complication,
as shown in a number of investigations, is deformation
of prosthesis frame: its ellipticity, dimension discrepancy
and spacial configuration [4, 5]. The data obtained
has clearly demonstrated the importance of in-depth
study of patient’s anatomy and thorough preoperative
planning of transcatheter implantation procedure, which
promoted the development of predicting systems and the
accompanying technologies to assist interventions [6].

In recent years finite element method (FEM) became
widely used as a tool for simulating the work of
biotechnical systems [7]. Besides, the development of
computed tomography systems led to the emergence
of a new specialized branch — patient-specific
computer modeling [8]. This approach turned out to be
the most perspective in solving the tasks of predicting
transcatheter implantation of aortic valve prosthesis [9,
10]. On the other hand, the patient-specific approach
requires a thorough preparation and initial data
acqjisition as their total error (resolution of computed and
microcomputed tomography, quality of the mesh of finite
elements of aorta and calcium conglomerates, material
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models and general settings of the system) may result in
significant divergence of the predicted and actual results.
Unfortunately, there are few publications in the literature,
devoted to the effect of the described components on the
quality and validity of simulation. Moreover, simplicity of
the approach to the assessment of the differencies in the
results of modeling and clinical data is still enhanced by
the application of the simplified models of physical and
mechanical characteristics of the objects under study [3,
11, 12]. All these considerations make the possibility of
a wide application of this method in real clinical practice
rather doubtful and require its verification.

The aim of the investigation is to assess the
possibilities of a patient-specific simulation method
for predicting the outcome of implantation of the
transcatheter aortic valve prosthesis in real clinical
practice.

Materials and Methods. Implantation of transcatheter
bioprosthesis was modeled based on clinical data of
patient I., 72 years, the informed consent from which
to perform the investigation has been obtained. The
following diagnosis has been established to the patient:
“atherosclerotic stenosis of aorta, IV degree calcinosis,
arterial hypotension stage I, left ventricular (LV)
hypertrophy”. Preoperative echoCG showed normal
LV contractility, critical calcified stenosis of aortic valve
with a gradient of 100 mm Hg, marked LV myocardium
hypertrophy (up to 2 cm). During operative intervention
a 29 mm CoreValve (Medtronic, USA) bioprosthesis of
aortic valve was implanted using transfemoral delivery
system (Figure 1).

Figure 1. Stages of implantation of transcatheter CoreValve bioprosthesis: (a) visualization
of aortoiliac and femoral segments; (b) aortography with visualization of aortic valve zone;
(c)—(e) release of the bioprosthesis from the delivery system; (f) control angiography
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Figure 2. Results of multispiral computed tomography of the patient before the implantation of

transcatheter CoreValve bioprosthesis
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Figure 3. Successive stages of aorta reconstruction: (a) creation of splines on the basis of the obtained slice; (b) solid body;
(c) finite element mesh; (d) leaflet apparatus and calcium conglomerates

Control angiography demonstrated a correct valve
position, absence of regurgitation, impairment of
atrioventricular conduction and compromised coronary
blood flow. Operative intervention resulted in the
decrease of the gradient to 5 mm Hg and absence of
clinical complications.

Prior the operation multispiral computed tomography
(MSCT) was performed using Somaton Sensation 64
(Siemens, Germany) tomograph. Scanning was in a
craniocaudal direction. MSCT main characteristics were
as follows: field of vision (FOV) of 200 mm, pitch of
0.7 mm, tube voltage of 120 kV, ECG synchronization,
slice thickness of 1 mm. Nonionic contrast agent Ultravist
at iodine concentration of 370 mg/ml (1-1.5 ml/kg of
body mass) was used for intravenous introduction.
Image reconstruction was performed by means of Amira
software (FEl, Germany). Application of greyscale
gradient coloration spectrum enabled clear visualizatin
of aorta wall and calcium deposits (Figure 2).

On the basis of the slices obtained and using
computer-aided design (CAD) program (UGS NS 8.0;
Siemens, Germany) reconstruction of aorta geometry
and valvular apparatus was carried out with the following
generation of the finite element mesh running the
program ABAQUS/CAE (Dassault Systems, France):
29,000 cubic (C3D8)-elements for aorta and 2,800 S4-
elements for the valve leaflet apparatus (Figure 3).

As a rule, heavy aortic stenosis is associated with
calcinosis of the leaflet apparatus and a typical pattern
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of the given lesion is described in the literature [13].
But inspite of the marked pathology, it is worth to keep
in mind, that before the implantation of this kind of
prostheses, balloon valvuloplasty is always performed to
the patients — and in this case it is reasonable to use a
limited number of models of calcinates having the largest
size and density. Calcium conglomerate model was built
using tetrahedral mesh from 7,000 C3D4-elements and
the given raidiographic density of the material by means
of Amira program tools (See Figure 3).

Though MSCT is not included into the standard
protocol of the post-operative examination [10], our
patient agreed to undergo this procedure in order to
assess the position of the implanted bioprosthesis. On
the basis of the obtained data the model of the implanted
prosthesis frame was reconstructed with the help of
Amira program (Figure 4).

To conduct FEM simulation, the model of the
valve frame was reconstructed by microcomputer
tomography on the basis of the bioprosthesis selected
for implantation. The work was done using the research
tomographic system at Tomsk Polytechnic University
(Figure 5).

The system consisted of
components:

X-ray tube MXR-451HP/11 (Comet, Switzerland) with
accelerating voltage range of 20—450 kV, minimal focal
spot size of 0.4 mm, power up to 500 W;

flat panel X-ray detector XRD 1622 AP (PerkinElmer,

the following main
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Figure 4. Results of multispiral computed tomography of the patient after the implantation of

transcatheter CoreValve bioprosthesis

USA) with 0.2 mm pixel size, 2048x2048-

pixel image size, 16-bit dynamic range; ,_;_____/'/

mechanical manipulator with the feasibility
of rotation and longitudinal movement of the
examined object, positioning accuracy of
0.01° and 0.01 mm, respectively.

Tomographic scanning modes were
chosen based on the sizes and radiographic ‘
density of the object: voltage of 200 kV, }
current of 2.7 mA, copper filter thickness of {-‘
0.5 mm, frame exposure of 1 s, angular pitch
of 0.4°, number of projections of 900, voxel
size of 64.4 uym.

Using the scanning data on the basis of
projection image series and mathematical
algorithms a 3D-model of the frame was
reconstructed, which helped to build 3D-
mesh from 17,000 C3D8-elements (Figure 6).
The reconstruction of the leaflet apparatus
could not be done due to the great difference
in the radiological densities of the material
of the frame and valvular apparatus. The
properties of the Nitinol material model [14]
were superimposed on the obtained finite element
mesh according to the experimental data of modeling
CoreValve frame compression and its following
verification, presented by Tzamtzis et al.

During the actual procedure of prosthesis implantation
the biotechnical system represents a complex of
interacting objects “prosthesis—aorta—delivery system”.
In this connection, a simplified model of the delivery
system, describing the border conditions for the implanted
prosthesis frame, was reconstructed (Figure 7). This
model contained two major limiting contours: internal
contour (5,000 M3D4-elements) is static, external
one (5,000 M3D4-elements) is variable, the general
construction corresponded to the main components of
the delivery system in the implantation zone [15]. The
model had also a catheter for a guidewire, but it did not
actually paticipate in simulation, as the function of the
internal limitation was fulfilled by the internal contour,
comprising a cylinder, which consisted of the sum of the
valvular apparatus compressed volumes and a catheter
for a guidewire.

For a more complete modeling of the implantation
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The main components of the microcomputer tomography system

process a simulation of balloon dilatation of the calcified
leaflet apparatus — valvuloplasty — was preliminary
performed using an additional balloon, representing
a surface with the following properties: wall thickness
of 0.15 mm, Young's modulus of 290 MPa, Poisson
coefficient v=0.3. Pressure of 0.2 MPa was used to
inflate the balloon. Once the balloon opened completely,
pressure was reduced to zero. The obtained leaflet
geometry, calcinates and aorta root were used for further
interaction of these components with the supporting
frame of the CoreValve prosthesis.

In order to stabilize the dynamic component of the
system and their contacts after the interaction of the
prosthesis with the aorta root, an artificial component
for viscous-elastic damping was added, the energy
contribution of which did not exceed 0.8% of the total
system energy (Figure 8). To simulate the interaction of
all system elements a paired softened contact description
(penalty method) with the coefficient of friction p=0.2
was used [16]. The interaction “balloon-supporting
frame” occurred without friction and interpenetration
of the objects (hard-contact). In the experiments the
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Figure 6. Building the model of bioprosthesis frame: (a) initial model in the container with a sterile
fluid; (b) photo of the specimen projection; (c) a reconstructed model of the bioprosthesis frame
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Figure 8. Model of the investigated biotechnical system
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Figure 9. Stages of prosthesis implantation during computer modeling
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leaflet apparatus was connected with aorta through
the geometrical contact of grids with a rigidly pre-set
distance between the nodes (tie-contact). To prevent
interpenetration of the frame finite elements a self-
contact was used.

Simulation of interaction between the biotechnial
system components with the help of FEM was performed
as a series of successive steps: preliminary balloon
dilatation — compression of the frame in the catheter —
release of the frame from the catheter (Figure 9).

Nonlinear material models were used to describe the
root of the aorta (second order polynomial model [17])
and the stent (Auricchio’s model [18]), as well as linear
models for calcified fibrous annulus, leaflet apparatus
(E=22.6 MPa) [19] and for the models of calcium
conglomerates (E=10 MPa) [20].

An original algorithm using MATLAB R2014a (The
MathWorks, USA) software was developed to assess
the accuracy of the experiment results relative to clinical
MSCT data of the patient with implanted bioprosthesis.
Point arrays, corresponding to the center of the beam,
obtained in 11 orthogonal frame slices according to the
data of MSCT and FEM-modeling, were used as input
data (Figure 10). The program algorithm searched the
central axis and preliminary minimization of the rotation
error of all slices relative each other, and calculated the
center of slice masses as an average coordinate of all
points. Then the program analyzed automatically each

Prediction of the Transcatheter Implantation of the Prosthesis Based on the Finite Element Analysis

corrected slice separately, minimizing the distance
between the corresponding points — a modeling
error 5. Based on the radial coordinate in the cylindrical
coordinate system the program computed mean relative
error (8rel) of the slice as a mean ratio of the modeling
error § to the length of vector V of the radial component
(in the cylindrical coordinate system) for a point of MSCT
data (See Figure 10). Also a total absolute error was
computed for each of the 11 slices (dsum) as a sum of all
modeling errors & of the slice. Additionally, the program
performed approximation of the FEM simulation data-set
using canonical equation of the ellipse with the following
calculation of the short and large elliptic radii, eccentricity
(e) and ellipse area (S).

Results. In the course of the experiment it was found
that the value of the total absolute error dsum was
essentially different in various slices. The greatest value
was obtained in the frame zones directly contacting
aorta — outflow (slice No.11 — 33.37 mm) and inflow
(slice No.2 — 35.07 mm) (Figure 11). But when com-
paring the figures obtained with the initial “nonimp-
lanted” geometry, the greatest discrepancy was noted in
the outflow zone (slice No.11 — 40%), the ratio of the
total slice error to the sum of the radial component of the
initial geometry amounted, on average, to 0.68+0.16.

Values of the mean relative error (drel) were
completely in agreement with the abovementioned
results: the greatest deviation was registered in the

CTM | 2016 — vol. 8, No.1 87
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Figure 11. Results of error and quantitative characteristics analysis for valve prosthesis slices
according to the data of FEM and MSCT: dsum — total absolute and rel — mean relative
error of a slice; S — area and e — eccentricity of approximating ellipse

inflow zone — 19 and 20% for the first two slices, while
the initial geometry differed by 25 and 23%, respectively.
Mean deviation for the slices was 12+4% in experiment.

In clinical practice measurement of eccentrcity (e)
of the frame by slices is used as one of the ways for
assessing the position of implanted transcatheter
bioprostheses [21]. According to the previous
investigations [22], this figure is of primary importance
as a criterion of the leaflet apparatus performance and
presence of regurgitation. In this investigation a high
convergence of FEM and MSCT data could be achieved
for the inflow zone (divergence of the simulation data
according to the first three layers did not exceed 4%),
while the ellipticity of the middle and outflow zones, as
FEM data showed, differed greatly from that of MSCT.
The total error, determined in this way, was not greater
than 26%.

Another not less important parameter showing
prosthesis implantation efficacy is an area of its
annulus cross-section (S). This parameter characterizes

88 CIMJ 2016 — vol. 8, No.1

indirectly valve throughput capacity and, upon the whole,
allows the assessment of the implanted prosthesis size
conformity. In the process of the study this parameter
was distributed in accordance with the initial geometry of
the prosthesis in the form of a “sand-glass™: descending
trend in the inflow and ascending in the outflow zones.
The ratio of the annulus cross-section area of FEM
prosthesis model according to FEM and MSCT data has
demonstrated the best results of simulation assessment:
more than 90% for the inflow and middle zones of the
framework (slices No.1-8). Meanwhile, the differences
with the initial “nonimplanted” geometry were also much
more prominent compared to the other methods of
simulation error assessment.

It is worth mentioning, that the last slice did not
correspond to the described distribution, though, in
general, it meets the characteristic behavior of the frame
under considerable compression due to its specific
geometry. In fact, the results of the investigation confirm
the greatest radial displacement of the outflow zone of
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Figure 12. Von Mises stress distribution in the frame model (above) and aorta (below) as a result

of their interaction

the frame, though when considering results together
with stress distribution it is seen, that the zone of
synotubular junction is subjected to the greaest stress.
It speaks of the “anchor” function of the frame outflow
zone (Figure 12).

Discussion. Russ et al. also assessed in their work
[3] a total error of computer simulation and MSCT data
using real implantation of CoreValve bioprosthesis. It
has been proved, that application of complex nonlinear
models of the material (hyperelasic) for the description
of aortic root behavior, and also inclusion calcium
conglomerates into calculations may reduce the
simulation error to 5.5-4.2%. In the present investigation
the simulation error — mean relative error (drel) —
amounted to 12%. The mean error value was 1.6 mm,
which, on the whole, corresponds to the resolution order
of the tomograph used in this study — 0.625 mm.

It should be mentioned, that in the investigation
referred to [3], convergence of the FEM and MSCT
results was evaluated only by a single parameter (similar
to drel), which is considered by the authors of the present
article to be insufficient. In this connection, a complex
multicomponent approach to the verification of FEM data
was applied, i.e. computation of errors within each slice
and totally over the whole model, and the parameter of
ellipticity as well.

Notably, that the greatest convergence of clinical
MSCT and experimental FEM results, calculated by the
sum of beam deviations, was obtained for the outflow
zone of the bioprosthesis — the last two slices. This

Prediction of the Transcatheter Implantation of the Prosthesis Based on the Finite Element Analysis

effect can be partly explained by a more simple geometry
of the sinotubular junction zone. Thus, the result of
simulation was determined by a single component
only — the model material.

In spite of the fact, that the investigation was carried
out on the basis of one clinical case, the developed
method and a set of parameters studied can be used to
solve the tasks of assessment the convergence of FEM
simulation and clinical data.

Conclusion. Application of a higher level of detail,
including simulation of calcium conglomerates and
complex description of the system elements, make it
possible to model implantation of transcatheter aortic
vavular bioprosthesis with an accuracy depending on the
tomograph resolution. The method of finite elements may
be recommended for predicting outcomes of implanting
minimally invasive devices.
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allocated to the Research Institute of Complex Problems
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