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The design of prosthetic rings for the annuloplasty of mitral valve fibrous ring (MVFR) was developed from the intuitive to that based on
the theoretical analysis of the geometry and topology using the modern technologies of image processing and analysis. The paper presents
an automated method of three-dimensional echocardiography data processing and analysis followed by findings fitting. The technique
includes several steps. At first, we detected the boundaries of the data obtained by transesophageal three-dimensional echocardiography
followed by Procrustes analysis and the mean shape search based on the available data bulk. The method enables to analyze better MVFR
geometry, develop MVFR models on the basis of the obtained data, and subsequently, use them to design a prosthetic ring in order to
reduce the number of possible complications. Three approximation methods (piecewise cubic, general polynomial, Gauss—Fourier method)
were applied for the optimization of the technique results. Each of the methods has its own unique set of advantages and disadvantages,
and depending on the task, one can use a certain technique when analyzing or reconstructing MVFR geometry. Thus, it is a powerful tool for

MVFR study and prosthetic ring modeling.
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Mitral valve (MV) repair using mitral valve fibrous
ring (MVFR) annuloplasty is a gold standard in MV
insufficiency treatment [1]. The technique first suggested
by Alan Carpentier in 1968 was subsequently widely
used in cardiac surgery practice [2]. It enables to
achieve satisfactory clinical short- and long-term results.
However, there are some complications, which worsen
a long-term prognosis [3]. One of the most common
complications is paravalvular fistula [4]. According to the
studies carried out [5-7], it results from a prosthetic ring
separation from MVFR, which frequently occurs due to
the mismatch of their geometry owning to the prosthesis
design imperfection.

Ultrasonic imaging development has contributed
to the problem  solution. Three-dimensional
echocardiography [8] was first used in late 1980s for
MV function study, and helped to detect saddle-shape
MVFR consisting in the projection of the anterior and
posterior cusps in relation to the plane of commissures.
In 2003 there was shown the effect of a saddle-form on
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the strain in the cusps, and therefore, on the longevity
of mitral valvular apparatus [9]. It has taken attention
to the MVFR anatomy study using modern techniques
of image processing and designing [10]. The study
of geometry and improvement of MVFR analysis and
modeling methods combined with the strain modeling
in valvular cusps using a finite element method can
contribute significantly to the development of a new
generation prosthetic MVFR.

The aim of the investigation was to develop
a technique for enhanced study of mitral valve
fibrous ring anatomy according to three-dimensional
echocardiography based on original algorithm to
calculate the fibrous ring geometry using Procrustes
analysis and approximation of the findings.

Materials and Methods. 10 patients with coronary
heart diseases and no signs of MV damage underwent
transesophageal three-dimensional echocardiography.
The study complies with the declaration of Helsinki
(adopted in June, 1964 (Helsinki, Finland) and revised in
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October, 2000 (Edinburg, Scotland)) and was approved
by the Ethics Committee of Scientific Research Institute
of Complex Problems of Cardiovascular Diseases. All
patients gave their written informed consent.

We analyzed the data of both: an ejection period of
a systolic phase, and also a filling period of a diastolic
phase, the periods corresponding to maximal close and
open MV states. The data were obtained using QLAB
software (Philips, Netherlands) with further export
in MATLAB R2015a (MathWorks, USA) for further
mathematical processing.

MVFR geometry for each patient was designed using
an algorithm for boundary separation from initial data
bulk (Figure 1). The boundary was separated in such
a way that the number of points was similar among all
the rings in a group. We first calculated the number
of points needed for the fullest boundary separation
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from initial three-dimensional data, and then we chose
the fewest number (n) among them. Based on three-
dimensional data of the rest patients we detected the
boundary in such a way that the number of points was
equal to n by decreasing the detection detalization. The
MVFR average geometry for each group was calculated
by computing an arithmetic mean of coordinates of the
corresponding points in all patients. The center of the
ring mass was determined as a point equidistant from all
the points in a ring. The sets of initial data points were
converted so that their mass centers matched. After
that the rings were turned in such a way that a sum of
squared distances to Oxy-surface was the lowest for
each ring taken separately. Then we chose a reference
standard, and all the rings were turned relative to it so
that the sum of squared distances between the points
corresponding to each other was the lowest. Then we

25 I I | ! I I I ! I J
-25-2 15 -1 -05 0 05 1 15 2 25

b

0 -05 -1 -15 -2 -25
Cc

Figure 1. Midline image (red color) placed on mitral valve fibrous ring image of patients (blue color):

(a) isometric view; (b) Oxy-view; (c) Oyz-view
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searched through all the rings as a reference standard,
and finally we chose a ring to be a final standard,
in which the sum of squared distances between the
corresponding points calculated in all other patients
appeared to be the lowest. The average geometry
was then curve approximated using three methods:
1) piecewise cubic splines; 2) general polynomial;
3) Gauss—Fourier method.

To plot an approximation curve (Figure 2) we
calculated a ring perimeter, height, a point with maximal
Z-coordinate, commissural width (CW), the annular
height to commissural width ratio (AHCWR), two- and
three-dimensional MV area. Ring annular height (AH)
was determined as the difference between maximal
and minimal Z-coordinates, commissural width was
calculated as the distance between the commissures.

To evaluate MV planarity degree, we calculated
the annular height to commissural width ratio,
AHCWR=100%"AH/CW. Two-dimensional MV area
was calculated as the projected area on Oxy surface,
the tree-dimensional MV area being calculated using
initial data triangulation before a ring was separated.
The described parameters were calculated in each
of 10 rings for an ejection period of a systolic phase
and a filling period of a diastolic phase. To describe
the findings we calculated a median, 95% confidence
interval (95% CI) for median, 25 and 75 percentiles, the
lowest and the highest sample values.

All mentioned parameters for initial MVFR curves
were compared with similar parameters for an
approximation curve. Moreover, the parameters for
initial and approximation curves were compared in both
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Figure 2. Approximation with expanded scale along
the Z-axis (red line — approximation; blue line —
average geometry): (a) by general polynomial in
Oyz-view; (b) piecewise cubic spline in Oyz-view;
(c) by Gauss—Fourier method in Oyz-view
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periods: in an ejection period of a systolic phase, and a
filling of a diastolic phase. In both cases we used Mann—
Whitney test in the comparison. The differences were
considered significant if p<0.05.

Results and Discussion. The developed algorithm
for boundary separation enables to separate the most
informative set of points rather than a fixed set of
equidistant points as shown in the work [10]. We used
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a generalized Procrustes analysis, which is a modern
method for image analysis and processing. Moreover,
the novelty of the approach in our study consists in
the automated calculation of MVFR average geometry
(See Figure 1) with the following approximation of the
findings using different techniques (See Figure 2).
Using the developed method it becomes possible to
carry out a detailed and stiffly accurate comparative
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Figure 3. Parametrical presentation of Gauss—Fourier method (blue line — approximation;
black line — average geometry): (a) graph X(t); (b) graph Y(t); (c) graph Z(t)
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Figure 4. Approximation by Gauss—Fourier method (red line — approximation; blue line — average geometry):

(a) isometric view; (b) Oxy-view; (c) Oyz-view

analysis of fibrous ring geometry in MV with and without
pathology.

The analysis of the findings of three approximation
methods used within the framework of the present study
showed that due to these methods we can achieve high
precision in calculations compared to the technique
described in the work [10].

In approximation by Gauss—Fourier method
(Figures 3, 4) we plotted a curve with the fewest number
of coefficients by means of which we can restore the
interpolant itself without resort to the use of specialized
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software or specific skills, however, the technique
exhibited the lowest maximal accuracy and long time of
operation in case of large bulk of initial data.

Piecewise cubic approximation, the most common
current method (Figure 5), enables to achieve the
highest accuracy, though a relatively large number
of approximation coefficients appear resulting in
complications when reproducing the bulk data
processing in other programs and computer-aided
design systems (CAD systems).

In addition, we wused the approximation by
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Figure 5. Piecewise cubic spline approximation (red line — approximation; blue line — average
geometry): (a) isometric view; (b) Oxy-view; (c) Oyz-view

general polynomial (Figure 6). The methods is less
cumbersome, has well known properties, and its usage
in further calculations is the simplest. However, it has
high variation, poor extrapolation and bad quality in
approximation boundary areas.

The findings suggest that depending on the tasks
and requirements to the results when analyzing
and reconstructing MVFR geometry any given
approximation technique can be used. In order to
achieve the required accuracy we can vary the
approximation parameters.

Automated Method to Analyze Geometry and Topology of Mitral Valve Fibrous Ring

The comparison of the curves plotted (Tables 1-3)
enabled to reveal significant differences in perimeter,
annular height, annular height to commissural width
ratio (AHCWR) and no significant differences in such
parameters as mitral commissural diameter, two- and
three-dimensional MV area. For reasons given we can
conclude that during the change from systole to diastole
there are significant alterations only in perimeter, annular
height, and AHCWR.

This comparison technique of geometry and typology
can be further used to analyze MVFR geometrical
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Figure 6. General polynomial approximation (red line — approximation; blue line — average
geometry): (a) isometric view; (b) Oxy-view; (c) Oyz-view

Table 1

Comparison of initial data median with corresponding parameters of midline approximated curves
in an ejection period of a systolic phase

Parameters for curve plotting Pe(rrinmnf)ter Threaer-:air;\:]?;i)onal TW(;::I’I(?TIII::Z(;I‘IN I-(Irer:g:;t Cvt:ir:’ltmhi(s;l:‘:)al AHCWR
Median 11.624 20.910 9.256 0.714 3.671 0.199
Midline 11.970 22.51 10.601 0.520 3.861 0.135
Piecewise cubic spline approximation 11.934 23.404 10.596 0.510 3.862 0132
General polynomial approximation 11.906 22.042 10.595 0.422 3.921 0.108
Approximation by Gauss—Fourier method 11.844 22.098 10.596 0.440 3.857 0.114
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Table 2
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Comparison of initial data median with corresponding parameters of midline approximated curves

in a filling period of a diastolic phase

Parameters for curve plotting Pe(rrinmr:)ter Threaer-:air?ne]r;]szi)onal
Median 12.851 21,632
Midline 11.018 18.938
Piecewise cubic spline approximation 11.009 18.937
General polynomial approximation 11.338 19.822
Approximation by Gauss—Fourier method 10.968 23.923

Tt Gt
8.786 0.887 3.606 0.246
8.384 0.827 3.536 0.234
8.382 0.826 3.535 0.234
8.397 0.760 3.533 0.215
8.380 0.809 3.535 0.229

Table 3

Compared results of parameters (p) for initial curves in an ejection period
of a systolic phase and in a filling period of diastolic phase using Wilcoxon criterion

. Three-dimensional ~ Two-dimensional
Perimeter . -
0.053 0.007 0.026

Annular Commissural
height diameter AL
0.570 0.045 0121

differences in various pathologies. The findings enable
to develop new generation prosthetic rings taking into
consideration all geometric peculiarities of MVFR.

Conclusion. The automated method for processing
and analysis of three-dimensional echocardiography
data followed by the findings approximation enables
to calculate quickly and accurately mitral valve fibrous
ring geometry, as well as use for such analysis the
differences between the average ring shape and the
shape in the presence or absence of mitral valve
pathology. The technique application can have
significant influence when developing new generation
prosthetic rings.
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