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Abstract: This paper gives a solution for improving the geometric estimation of the human
ventricles, by reducing their shape estimation error. The parametric description of the
studied organ can be performed at arbitrary resolution during the whole visualization
process. After the problem description, the paper presents each main step of the proposed
shape estimation algorithm. The presented method determines not only the general shape of
the ventricles, but the internal tissue direction, too. The estimation error decreases more
than 10 times if the resolution is increased by 3 times. The biological parameters like
gender or age also affect the estimation performance. The obtained accuracy of the method
was slightly higher in the case of female hearts and for the left ventricle. Finally,
concluding remarks emphasize some important features of the given approach and the
future research directions.
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1 Introduction

Cardiac disease, despite the continuous progress of medical health care and
intensive research, still represents the main mortality factor in many low- and
middle-income countries. The main reason of slow progress represents the
partially understood heart functioning [1].

Sudden cardiac death, mostly caused by ventricular fibrillation (VF), represents an
important cause of mortality. In spite of this consideration, the electric activity and
mechanical mechanisms responsible for VVF are only partially discovered. It would
be utmost important to understand how the onset of arrhythmias that cause
fibrillation depends on details of the cardiac activity, such as the size of ventricles
[2], geometry [3], mechanical [4] and electrical state [5], anisotropic fiber
structure [6] and inhomogeneity [7].

A proper presentation of the cardiac activity involves the description of its electric
and mechanic properties. The spread of electric excitation wave in the cardiac
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muscle determines the nature of contraction, but several important aspects, such as
pumping strength and volume cannot be deduced without a detailed mechanical
analysis of the heart [8].

One of the most important cardiac pumping factors is the structural architecture of
the ventricles [9]. Albeit several general geometric factors such as shape and size
of ventricles, wall thickness and structure play a critical role in medical diagnosis,
the proper orientation of cardiac muscle fibers is crucial for an adequate
contraction [10]. There are several cardiac affections and traumatic events such as
cardiac infarction [11] and myocardial fibrosis [12] that may induce the
misalignment of ventricular fibers, developing reduced cardiac pump activity that
may lead to the rise of further cardiac disorders [13].

Taking the abovementioned considerations into account is imperative for a
computational ventricular model that is able to predict accurately the electric and
mechanic function of the heart for normal and pathological cases, to involve not
only the general description parameters but the distribution of fiber orientations
too.

There exist several methods to determine the shape and structure of the ventricles.
The anatomy of the whole heart and the overall placement of the cardiac muscle
fibers is described by Streeter and Hanna [14], while the orientation changes from
epicardium to endocardium is presented by Arts et al [15] and Geerts et al [16].
From anatomical measurements it is concluded that the septal and left ventricle
walls fiber orientations are similar.

In spite of wide agreement on fiber directions in ventricular tissue there is no
generally accepted concept on how to assign these orientations to realistic
computerized ventricular models. Goktepe and Kuhl have used a simplified
representation, where the ventricles are considered nested and truncated ellipsoids
[17]. Takayama proposed a geometrical-based approach to generate a layered
ventricular structure [18].

A geometric approximation of the heart may introduce significant errors. A proper
mapping of a non-ellipsoidal form to an idealized ellipsoidal one raises serious
architectural deformations especially in pathological cases. Moreover, inherent
singularities may appear in the approximation of the septal and apex region [19].
To solve these problems, Kotikanyadanam et al have used various 3D imaging
techniques during the development of a patient-specific ventricular geometry
model [20], where the fiber orientation in the patient-specific ventricular geometry
was determined by a Poisson equation-based interpolation technique [8].

Biological systems represent the most complex studied architectures. Their proper
description is possible via models that always represent only a simplification of
the investigated object. The reductionist approach applied in the case of complex
heart modeling demands a simplified description of the whole ventricle. The cell
level geometric description of the ventricles is difficult due to the immense
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parameter number, obscure biological information and low computational power,
necessitating the usage of biological model parameters.

Our goal in this paper is to present the development of a spatio-temporal
ventricular geometry estimation method that involves the anatomical structure of
the human ventricles. The rest of the paper is organized as follows: Section 2 gives
a detailed description of the geometry estimation method, involving the effect of
electric and mechanic properties of the ventricles, studied for normal and
pathological cases. We outline the effect of the various parameter alterations on
the generated activation potential (AP). Section 3 presents and discusses several
aspects of the model functionality and the results of simulations carried out using
the model. Finally, in Section 4, the conclusions are formulated.

2 Materials and Methods

2.1 Motivation of Shape Parameterization

The real-time visualization and analysis of the human heart, using up-to-date
representation techniques is partially solved. The main problem is the inability of
current imaging systems to yield both visual information and internally state
parameters. Moreover, several imaging technigques are considered invasive.

The above mentioned problem can be partially solved using computational models
that beside the visual representation may give the necessary state parameters. All
computational model representation strategy uses an indirect way to obtain the
investigated parameters. Physicians have no possibility to measure in real time all
requested data, so they have to predict these values using computational models.

Many physiological deficiencies are related to the geometry of heart. These
geometric alterations are reflected in the modified values of several medical
parameters, thus obtained medical parameters are not always suitable for recent
computerized heart model-based visualization techniques.

Computerized data visualization is based on voxels, pixels and triangles. The
determined medical information has to be transformable to these basic geometry-
related computational data. By using a heart shape parameterization method, we
want to realize a transformation of medical data into basic geometry elements via
a set of engineer-related parameters. This process is visualized in Fig 1. The
adaptive aspect of these inner-level parameters, independently from the used
resolution of the geometric representation, allows a detailed description of the
heart.

In Fig. 1 the dashed line from the anatomical knowledge box and visualization
data element toward the intermediate parameters box represent the possibility of
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determination of several intermediate parameters. In addition, the calculated
internal parameters may allow the estimation of several medical parameters. This
complete loop may be used for modeling or system validation purposes.

Medical data Estimated data Computer data
Patient data ol Intermediate .| Visualization
parameters
ECG — " < .
y
Echo Geom.
transf.
e o Anatomical data
Figure 1

The medical data and graphical visualization data are connected to the estimated engineer-related
parameters. The anatomical considerations and visualization data may be used to determine several
medical parameters

A real time spatial heart visualization method uses an engineered parametric
model, and is able to show all geometrical changes that take place during a whole
normal or pathologic cardiac cycle. The lack of information about the effect of
various clinical conditions, such as ischemia, on the heart functionality demands
the development of intuitive modeling tools that are capable to handle multiple
cardiac layers simultaneously. This modeling approach may enhance the detection
rate of various phenomena that are related to the irregular contraction of the heart.

An important aspect of this parameter organization is the possibility to determine
many internal parameters from raw computerized geometrical data. The set of
voxels are organized in triangles, and the connection between them determines the
inner and outer surface of the ventricles. Using our anatomical knowledge
concerning the structure of human ventricles, allows the determination of many
internal parameters.

2.2 Methodology of Cardiac Data Processing

The determination of the geometry of heart ventricles properly represents the
solution many physiological problems. Normally, the left ventricle can be
estimated by an ellipsoidal shaped object, but neither the wall thickness nor tissue
orientation is homogenous. Moreover, the possible alterations from the normal
shape due several pathological injuries may dramatically increase the estimation
errors. Several papers describe different approximation methods [8], but none of
the proposed methods are suitable for all pathological cases.
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In our approximation, proper heart geometry estimation is based on the
followings:

e Anatomical data of the ventricles, obtained from medical data libraries

e Shape estimation based on direct measurements (for example
echocardiography measurements)

e Introduction of several auxiliary medical data such as age, gender,
position, ECG signal, blood pressure and respiration

The combination of these data may enhance the precision of approximation of the
ventricles boundaries. In 1991 Nielsen et al. [21] have determined the fiber
orientation in ventricular tissue. Based on their study it is assumed that all fibers in
the epicardium and right endocardium (considered the epicardium of the left
ventricle) are inclined forward at 70°, and the endocardial fibers of the left and
right ventricles (except the septal region) are inclined backward at 80°. The
inclination of the middle regions takes intermediate values, depending on their
position.

The key idea in the applied fiber orientation determination algorithm is to generate
a smooth coordinate-free interpolation of the spatial directions of the fibers
involved in all clusters [22, 23]. The intermediate ventricular tissue layers do not
have a precisely determined structure, so all internal compartments should be
described by a guiding parameter that determines how the studied compartment
behaves related to the endo- and epi-cardial tissue. We assume that a given
compartment has a Pendo, Pepi @Nd Priagie Probabilities to belong to the endocardium,
epicardium or intermediate region, so the spatial direction d of the compartments
tissue is:

dcomp.(x’ Y Z) = pendo( fr’ XY, Z) + pepi( frv XY, Z) + pmiddle( fr’ XY, Z) ! (1)

where f represents the distance rate of the compartment from the base plane
related to the whole base-apex distance, the index r defines the region of the
compartment (for example left or right ventricle) and the symbols x, y, z show the
three perpendicular spatial directions.

Since the visual interpretation of the heart using ultrasound (US) representation
techniques cannot yield as accurate data as CT and MRI images, the ventricular
wall detection procedure demands a deeper usage of the a priori information. The
sensibility of US imaging to noise and reflections implies an intelligent filtering.
In spite of these problems, a large number of images may yield adequate results,
but it is necessary to use an automatic border detection (ABD) algorithm that
contains the following steps [24]:

e Pre-processing (smoothing, contrast checking)

e Edge or region detection (thresholds, edge detectors)
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e  Geometric object models (for example radial search)
e  Anatomical structure model
e Interpretation (based on high-level knowledge)

The enrolled disadvantages convinced us to use an Active Appearance Model
(AAM) that was presented in [24]. Its main steps are:

e Extract the average organ shape

e  Extract the principal shape variations

e Create the appearance model

e  Generate probable echocardiography image

e  Find the desired structure by error minimization technique

2.3 Estimation of Geometrical Data

The estimation of geometric data is a multi-level process. The ventricular tissue
has a multi-layered structure, so we have to estimate the barrier of each layer.
Most geometric determination methods define the inner and outer surface of the
ventricles.

All determined surfaces are constituted by a list of description points (DP)
described by spatial coordinates, so the list L can be presented as:

Lsurr, ={R(%, Y1, 20), B (%s Vi )} )

where k represents the number of points in the list and the symbols x, y, z show the
three perpendicular spatial directions. We have to use separate lists for the inner
and outer surfaces, however they may describe the surface of a large object, for
example the outer surface of the whole heart. It is important to mention that the
lists can be partially combined, so from the list of outer surfaces of the whole
heart, we can only partially deduce the outer surface of the left ventricle.

In the classical approach, the resolution of the simulation highly depends on the
number of points from the surface list. In order to create a high-resolution
simulation from a relatively low number of DPs, we have to interpolate the surface
of the studied organ. The interpolation is performed for both the inner and outer
surfaces.

To accomplish the interpolation it is necessary to execute the following data
processing steps iteratively:

e  Triangulation
¢ Division of the junction lines

e  Estimation of the spatial coordinates on the divided lines
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We used the Delaunay triangulation method [25], that can generate a set of
triangles, in such a way, that P is not defined beforehand. It is supposed, that the
points in the surface list are not in a line. The Delaunay triangulation method
maximizes the minimum angle of all generated triangles, so it tends to avoid
narrow triangles.

D A E

(A)

Figure 2
Generation of additional spatial triangles on the surface of the modeled object applying various
resolutions. For image (A) df = 1, for image (B) df = 2 and for image (C) df = 3

The next step represents the generation of a high resolution triangulated surface of
the spatial object. Now the goal is the construction of a surface generated by q DP-
s, where g>>p. In the following, we will determine the proper division factor (df).
It is important to mention that usually df will not be an integer value, so the
processing method must handle these cases.

Figure 2 presents the decomposition of the inner triangle into sub-triangles (A).
The sub-figure (B) present the decomposition for df=2, while sub-figure (C)
shows the same processing for df=3. It can be observed that for a given positive
integer df, on the edges of the inner triangle there will appear
EP =3.(df —1)=3-df —3 external points (EP). The number of internal points

(IP) in the inner triangle for the same integer df will be given by:
IP =[(df —2)° +(df —2)]/2=[df * —3-df +2]/2. @)

Each EP is a member point of two triangles, so the necessary points to perform at
integer df will be approximated as:

o
Il

2
D+t (EP/ 24 1P) ~ p_(s-df -3+ df 2—3~df +2+2J

(4)

ara_ o
2 2

where t represent the number of triangles.
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During the reverse problem, the necessary df in presence of p DP-s and g aimed
DP's will be df zm It is observable that the relation yields proper results
for g>>p.

For a large, closed-surfaced normal spatial object, where p DP-s exist that form t

triangles, it can be considered that the number of triangles and points are
approximately the same, so p ~t. In this case the total number of side-edges (se)

will be se=p+t-1~2-p.

In the likely case of non-integer df, the division of some triangles may be
performed partially. This partial division may create ambiguous results, where the
selected solution possesses the more balanced angles and sizes. The fractional
division of a triangle is presented in Figure 3.

D A E

(A)

Figure 3
Several cases of fractional division factor. Image (A) and (B) present a simple ambiguous case, while
(C) present a unique solution

(A) (B)

Figure 4
Determination of spatial coordinates of the internal points. Image (A) shows the case of coplanar A, B,
C and F points. Image (B) visualizes the distances of the point G from the three side-edges

It is important to reduce the number of narrow triangles, so the division is
performed more often on the longer side-edges of the triangles. In case of multiple
solutions we selected the shorter diagonal line of the trapezoids.
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The estimation of spatial coordinates of each created division point is realized by a
spherical interpolation method, based on the fact that every non-coplanar four
points are situated at the surface of a sphere.

The situation of coplanar points is quite simple. Suppose that points A, B, C and F
from Figure 4(A) are coplanar. In this case we can affirm that all points of
segment BC are in the same plane, and the centre of the circumscribed sphere is in
the infinite.

If the A, B, C and D points are non-coplanar, the centre of the circumscribed
sphere obeys the rule: do, =dog =doc =dop, SO the spatial coordinates of the
unique O can be determined by solving the equation:

X2+y?+z2 x oy oz
Xa+YA+ZA Xa Ya Za
X5+Ys+25 Xg Vs
XC+Ye+ze X Yo Zc
X5+Y5+256 Xo Yo Zp

®)

N
@
[ S T G T G =)
I
o

Once the spatial centers of spheres Sagpcp,Sapce,Sagce are determined, it is

possible to determine the sphere centre that contains point G. As presented in
Figure 4(B), the X coordinate of sphere centre on whose surface point G is satiated
will be:

-1

S S S

Se, ZK 1 N 1 N 1 J [ ABCDy  DABCE,  SABCFy J (6)
dpg  dac  dac dag dac dgc

The Y and Z coordinates of the sphere center may be determined in an analogous
way.

3 Results

The level of geometry estimation error depends on the granularity of
representation and the shape of modeled object (see Figures 5 and 6). In our case,
the reference constitutes a high-resolution double layered triangle mesh object that
involves both ventricles, containing 20000 triangles. For interpolation purposes, a
subset of them was selected that must contain more than 1800 triangles. The
distances of the compartments were determined from the middle of the AV-node.
Figure 5 presents the simulated geometric estimation error plotted against the
division factor. The applied granularity has a linear scale, while the estimation
error is presented in logarithmic range.
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Figure 6 indicates the geometric estimation error for a healthy male (M) and
female (F) heart. The solid line represents the left, while the dashed line shows the

right ventricle estimation error plotted against the distance from the AV-node (base
of ventricles).
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The geometric estimation error as a function of the applied resolution (granularity represent the applied
average division factor)
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The geometric estimation error for a male (M) and a female (F) heart. The solid line represents the left,
while the dashed line shows the right ventricle estimation error as a function of distance from the Av-
node (base of ventricles)

Figure 7 exhibits the tissue orientation modeling: the image (A) visualizes the
tissue fibers orientation in a sagittal segment, while images (B-D) shows the
intersection of the ventricles using a horizontal plane. In all cases the applied

planar resolution was 0.5 mm, while the modeled slices (images (B)-(D)) were
situated at 4 cm distance.
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Table | presents four important medical parameters (maximal and minimal interior
volume, ejection fraction and stroke volume) of the modeled left ventricle. The
simulation was performed for male and female hearts.

Figure 7
The simulated fiber orientations in the ventricular tissue. Image (A) visualizes the tissue fibers
orientation in a sagittal segment, while images (B-D) show consecutive intersection of the ventricles
from AV-node to apex using a horizontal plane

Table |
Left ventricle parameters in function of gender

Male Female Average
Max. volume (ml) 105 + 31 87 £25 96 +28
Min. volume (ml) 48 +15 42+13 45+ 14
Ejection percentage 57+15 54+12 55+13
Stroke volume (ml) 61+23 49 +21 55+22

Discussion and Conclusion

An efficient ventricle geometry estimation method has to solve the continuous and
flat transform among the basis voxels. As presented in Section 2.3, the aimed
resolution can be acquired using fractional magnification factor. In this case the
selected triangles have to be divided in such a way that the resulting new ones are
as close to equilateral form as possible. This task can be solved by dividing the
longer side-edges.

The increased curvature values demands a higher resolution for the starting base
object, otherwise the resulting object may contain much higher estimation errors
(see Figure 5). In this study all measurement tests were done with optimal
conditions, so an improper division of the triangles may produce higher estimation
errors than the measured ones.
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The multi-layer structure of the ventricular muscle was considered as a fuzzy-like
system, where the different layers cannot be separated clearly, as the different
cardiac muscle cell types may mix among themselves. In this mixed representation
all generated compartments contain a unique cell type. The probability of a
compartment to become a small cluster of a certain cell type is determined by the
place of compartment and the ventricles geometry. Once its cell type is
determined, it remains constant during the whole simulation. The movement of
compartments was performed by maintaining the elementary connections among
adjacent elements, maintaining the law of minimal internal tension.

In the case of healthy adult subjects, the shape of ventricles becomes less
complicated, at the apex region, thus the level of estimation error decreases
progressively with the distance from the AV-node (see Figure 6). In the case of
infant heart modeling or in presence of several pathologies, these estimation errors
become higher. It is also observable that in the case of male heart the organ size
and estimation uncertainty is significantly higher. The increased incertitude level
of male tissue estimation is due its higher mass, large size and less uniform shape.
This form may produce higher pumping power, but at the price of higher risk of
heart attack or formation of arrhythmias.

In agreement to the fact that the right ventricle is shorter than the left one, the
estimation error for the right ventricle becomes zero at 7 cm or higher distance.
The estimation error level of the right ventricle is significantly higher than the
estimation error of the left ventricle, as the shape of the right ventricle may vary
more intensely due to its thinner structure and significantly lower internal blood
pressure. The estimation of apex region can be performed much efficiently
because its shape is determined by the cardiac muscle and the level of internal
blood has a relatively lower impact on it.

The fiber orientation of the ventricles may be determined more precisely than atria
fiber direction (see Figure 7). Anatomically the ventricles possess a higher
importance than atria and the genetic selection pressure induces a much more
standardized ventricular muscle. The fiber direction of the left ventricle has an
approximately circular structure because that form may produce an almost optimal
mechanical contraction and pumping efficiency.

It was considered important to provide a resolution independent description of the
heart, to make connections between medical parameters and graphical
representations. The presented method may produce a much more compact
representation of the ventricles and can enhance the performance of heart
modeling and visualization algorithms.
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