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Abstract There is an increased interest, in the field of cardiac modeling, for an
improved coordinate system that can consistently describe local position within a
heart geometry across various distinct geometries. A newly designed coordinate
system, Cobiveco, meets these requirements. However, it assumes the use of biven-
tricular models with a flat base, ignoring important cardiac structures. Therefore,
we extended the scope of this state-of-the-art biventricular coordinate system to
work with various heart geometries which include basal cardiac structures that were
previously unaccounted for in Cobiveco. First, we implemented a semi-automated
input surface assignment for increased accessibility and reproducibility of assigned
coordinates. Then, we extended the coordinate system to handle more anatomically
accurate biventricular models including the valve planes, which are of great interest
when modeling diseases that manifest themselves in the basal area. Furthermore,
we added the functionality of mapping vector data, such as myocardial fiber ori-
entations, which are crucial for replicating the anisotropic electrical propagation in
cardiac tissue.

1.1 Introduction

The representation of cardiac geometry independent of patient origin and the flaw-
less transfer between different measuring modalities are important tools in clinical
research [1, 2]. To accurately describe a local position within the heart, a robust coor-
dinate system is required. Such a coordinate system enables a variety of applications,
including the transfer of data between different heart geometries and comparing data
produced using different measuring modalities, such as validating simulations with
clinical data [2, 3].
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A recently published biventricular coordinate system, Cobiveco, offers a consis-
tent and reliable approach for describing positions in biventricular heart models [2].
However, the current state-of-the-art coordinate system is limited to biventricular
heart geometries, which are clipped at a specific planar position, such that the re-
sulting base appears completely flat. Clipping the base in this manner also clips the
underlying ventricles. Although this clipping procedure remains part of the common
mesh generation approach, it does not yield anatomically accurate cardiac meshes
for the purpose of computer simulations. We argue that biophysical simulations of
the heart should include the clipped base cardiac structures, that contain the valve
openings, for more realistic results. The ventricles, together with the presence of
valve planes, are important features of ventricular anatomy that can influence car-
diac electrophysiology and mechanics.

Features that are connected to the valves are critical anatomical structures, such
as the papillary muscle and chordae. Any structural defects that change the shape
of the ventricles and alter the activation in the aortic valve annulus can have an
effect on electrical dyssynchrony or ventricular dilation. Therefore, the inclusion of
valve planes in cardiac models is necessary. This is especially true when modeling
certain disease phenotypes, where changes in anatomy, mechanics, and activation
manifest themselves in areas closer to the valve planes. An important example of this
is congenital heart defect (CHD), which is the most common birth defect worldwide
[4, 5]. Heterogeneous morphology and physiology in CHD patients have been shown
to complicate risk assessment of individual patients requiring anatomically accurate
models. This is a use-case where the inclusion of valve planes in the biventricular
models may lead to enormous improvement of the model quality as morphological
changes as well as scar tissues in this patient group can be located close to the base.

1.2 Methods

In this work, we extend the open-source MATLAB implementation of Cobiveco for
tetrahedral meshes to take into account anatomically more accurate biventricular
meshes that include valve planes instead of a flat, clipped base. First, we provide
a surface extraction tool that automatically creates input surfaces files required for
setting up the biventricular coordinate system. Then, we adapt the existing Cobiveco
framework to allow for more anatomically correct geometries. Last, we extend the
software to allow for mapping and transfer of vector data between different heart
geometries.

1.2.1 Semi-Automated Surface Extraction

Existing tools extract surfaces from meshes and imaging data. Image-based surface
extraction operates directly on raw clinical imaging to identify cardiac structures,
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effectively building a mesh with automated tagging of surfaces. Mesh-based surface
extraction operates directly on the meshes and identifies cardiac structures based
on the position and connectivity of vertices. However, these currently existing tools
require much fine-tuning and cannot effortlessly extract surfaces based solely on a
seed point and a threshold.

Therefore, we present a mesh-based surface extraction tool, which identifies
cardiac structures using a minimal set of parameters. As a first step, the cardiac
mesh is converted into a graph, where its nodes encode vertex identifiers and surface
identifiers. We leverage the use of the graph topology and apply a breadth-first search
(BFS) algorithm to find connected nodes.

Fig. 1.1: Angular change between two neighbouring triangular surfaces, given by 𝜃.

The scope of the BFS algorithm is limited by two parameters, namely a seed point
lying on the surface to be extracted and an angular threshold. The BFS algorithm
performs several iterations, starting with the seed point. With each iteration, the
angular change between two neighbouring triangles is computed, such that they
comply with the stated threshold.

cos𝜃 =
𝑛1 · 𝑛2
|𝑛1 | |𝑛2 |

(1.1)

The angular change is given in (1.1), where 𝑛1 and 𝑛2 are the normals to two
triangular surfaces (Figure 1.1). These two triangles do not have to be direct neigh-
bours to each other. The BFS algorithm identifies neighbours in the vicinity, using a
predefined depth variable, such that the overall algorithm achieves a faster execution
time. The pseudo code of the implementation is given in Algorithm 1.
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Algorithm 1 Algorithm to identify connected mesh nodes
1: tagged← seed ⊲ Source seed point is added to tagged list
2: for tag in tagged do
3: results← bfs_tree(source=tag) ⊲ Apply BFS algorithm to tagged surfaces
4: for res in results do
5: angular_change = compute_angle(tag, res) ⊲ Angular change between tag and res
6: if angular_change < angular_threshold then
7: tagged← res ⊲ Add the res point to the tagged list
8: end if
9: end for

10: end for

The algorithm mimics edge detection, as used in image processing, where in our
case the BFS spans throughout the mesh until sharp corners are encountered. Based
on heuristics, we have identified that an angular threshold between 0.1 and 0.2 rad is
optimal in correctly identifying and extracting cardiac structures in the mesh. In the
context of extending the features of Cobiveco, the algorithm can be used to extract
the base of the valves and the valve plane on the epicardial surface. The extracted
base is excluded from the graph and subsequent surface extraction freely applies the
BFS algorithm without any angular threshold restrictions.

1.2.2 Biventricular Coordinate System

Cobiveco, a consistent biventricular coordinate system, provides a reliable frame-
work for the precise and intuitive description of the position in the heart. To consis-
tently describe a location within the heart, the coordinate system is established with
four coordinates. The coordinate system fulfils a set of desired properties, which
have been described in Section 1.1. The system is based on a set of four coordinates,
namely a transventricular coordinate (tr), a transmural coordinate (tm), a rotational
coordinate (rt) and an apicobasal coordinate (ab). The transventricular coordinate
is a binary coordinate which distinguishes between the left and right ventricle. The
transmural coordinate measures the distance traveled within the transmural space, so
in the free walls this refers to the distance from the epicardium to the endocardium.
The rotational coordinate gives information about where you are in the heart with
respect to anterior and posterior direction. In more detail, it refers to the distance
traveled from the interventricular posterior junction over the the interventricular an-
terior junction over the septum back to the interventricular posterior junction. The
rotational coordinate is set up symmetrical in the biventricular model. The apicobasal
coordinate describes the distance traveled from the apex point to the base. Each co-
ordinate tuple, consisting of the four coordinates, corresponds to exactly one point
in the heart. Coordinates are normalized and range between 0 and 1. Within that
range, all coordinates change linearly in space, indicating that the distance traveled
is directly proportional to the change in the coordinate of interest. Furthermore, both
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ventricles follow the same parametrization. This is also reflected in the shared apex
definition. To construct the coordinate system, only landmarks which are consistent
throughout variations in different geometries, are chosen.

1.2.2.1 Creation of the Coordinate System Cobiveco

A detailed description of the steps involved in the creation of the original Cobiveco
framework can be found in [2]. In short, the construction of the coordinate system
includes eight steps and is summarized below.

As with Cobiveco 1.0, Cobiveco 2.0 requires a biventricular volume that includes
a base containing the four heart valve annuli, including the connecting bridges.
Besides the volume mesh, five boundary surfaces as shown in Figure 1.3 are required
as input, which is one additional surface compared to Cobiveco 1.0. The surfaces
required are a basal surface SBase, a basal epicardial surface SEpi,base, an epicardial,
non basal surface SEpi, nonbase, an LV endocardial surface SLV and an RV endocardial
surface SRV. The utilities for the semi-automated input-file generation are described
in Section 1.2.1.

Transventricular Coordinate (tv)

The transventricular coordinate is calculated as described in the original publication
[2].

Extraction of Septal Surface and Curve

The septal surface SSept and the septal curve CSept are extracted as described in [2].

Transmural Coordinate (tm)

The calculation of the transmural coordinate follows the same steps as in Cobiveco
1.0, but takes into account the two epicardial surfaces. As we split the epicardial
surface into a non-base epicardial surface and a basal epicardial surface, the whole
epicardial surface is defined be the union of both, as given in (1.2):

𝑆Epi = 𝑆Epi_non_base ∪ 𝑆Epi_base (1.2)

Heart Axes and Apex Point

The definition of the heart axes and apex point mainly follows the steps described
in the original publication [2]. As the definition of the orthogonal heart axes largely
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depends on the truncated septal surface, the calculation of the truncation needed to
be revised to take into consideration the increased curvature of the septal surface
at the base of the anatomically accurate biventricular heart model. Therefore the
septal surface is additionally truncated by 15% at the basal side, where the distance
is based in the direction of vLongAx. This modification results in the final truncated
septal surface SSeptTrunc being calculated by (1.3), where Pq refers to the qth percentile.

𝑆SeptTrunc =
{
x ∈ 𝑆Sept | x ·vAP > P20 (x ·vAP) and (1.3)

x ·vAP < P90 (x ·vAP)} and

x ·vlong > P15
(
x ·vlong

)}
Since the septal curve needs to be split in two segments, the new geometry with a
closed base requires a different solution than in Cobiveco 1.0 as well. Hence, we
exclude the new, basal epicardial surface from the epicardial definition to allow for
a separation of the anterior and posterior part of the septal curve.

𝐶Sept =
{
x ∈ 𝑆Epi,base | 𝑢𝑣 (x) = 0.5

}
(1.4)

Extraction of Ridge Surfaces

As the more anatomically accurate biventricular models contain a closed surface at
the base, we needed to modify the ridge definition in Cobiveco 2.0. In Cobiveco
2.0 we aim to replicate the original ridge assignment but use the valve planes
as guiding points resulting in a symmetric ridge. The ridge is used to provide a
boundary condition for the rotational coordinate. Currently, the ridge is defined
from the posterior interventricular junctions, where both ventricles symmetrically
impose a boundary condition, via the mitral valve and tricuspid valve in the LV/RV
septum respectively. The anterior ridge definition is defined via the mitral valve and
pulmonary valve, resulting in the ridge definition as shown in Figure 1.2.

Fig. 1.2: Ridge definition in Cobiveco 1.0 and Cobiveco 2.0. The anterior part of the
ridge is colored in red, while the posterior part of the ridge is highlighted in grey.
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Therefore, the ridge is obtained by defining the solution to Laplace’s equation
with boundaries applied to be 0 on the epicardial basal surface and 1 on the septal
surface. The non-base epicardial surface is now excluded as a boundary condition,
as shown in (1.5).

Δ𝑢Ridge (𝑉) = 0 with 𝑢Ridge
(
𝑆Epi \𝑆Sept

)
= 0 and 𝑢Ridge

(
𝑆 |Sept

)
= 1

(1.5)
The solution to Laplace’s equation is calculated as shown here in (1.6).

Δ𝑢Ridge (𝑉) = 0 with 𝑢Ridge
(
𝑆Epi,nonbase\𝑆Sept

)
= 0 and 𝑢Ridge

(
𝑆 |Sept

)
= 1
(1.6)

The second step remains as set up in the original Cobiveco 1.0. However, the resulting
ridge cannot be applied as it is. Currently, a manual filtering step is involved as there
remains a ridge within the RV in-between the tricuspid and the pulmonary valve,
which is not used as a boundary condition when setting up the rotational coordinate.

The Rotational Coordinate (r)

The rotational coordinate is defined as described in [2].

Computation of the Apicobasal Coordinate (ab)

The apicobasal coordinate is calculated as described in the original Cobiveco article.
Currently, however, we used the solution to Laplace’s equation as a place holder, as
the rotational coordinate still includes discontinuities which prohibit the assignment
of the apicobasal coordinate as described in Cobiveco 1.0

1.2.3 Mapping Vector Fields

The original Cobiveco implementation has a scalar field mapping functionality avail-
able. To map a scalar field from the source mesh 𝐵 to a target mesh 𝐴, it constructs
a matrix 𝑀𝐴←−𝐵 from the nodes of the source mesh to the nodes of the target mesh
[2]. The user can choose between linear and nearest-neighbor interpolation.

Mapping vector fields is of interest since data, such as muscle fiber fields, are
crucial to advance the cardiovascular computational simulations field. Here we en-
able the functionality of mapping such fields by treating each coordinate as a scalar
field. More specifically, the vector field is represented as a matrix of the nodes of the
source mesh by three. Each of its columns represents the coordinate of the vector
field in each source node. The end result of the vector mapping process is shown in
Figure 1.5.
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1.3 Results

In this project, we have successfully founded the basis for extending Cobiveco to
include more anatomically accurate biventricular models. The results are presented
in three steps, namely a pre-processing, processing, and post-processing step. Each
step reduces the manual manipulation of meshes, generalizes the biventricular coor-
dinates, and enables vector data transfer, respectively.

First, we successfully implemented a semi-automated surface extraction method
that uses a minimal set of parameters, based on a seed point and angular threshold,
to identify structures of interest in cardiac meshes. The resulting surfaces, after
extraction, are shown in Figure 1.3.

Fig. 1.3: Extracted surfaces after using BFS algorithm and angular threshold.

Second, we adapted the previous Cobiveco framework to work with biventricular
geometries, which includes the four cardiac valve planes. The preliminary results
of Cobiveco 2.0 are shown in Figure 1.4. The rotational coordinate suffers from
inconsistencies at the septum, owing to the manual exclusion of the ridge boundary.
Currently, the apicobasal coordinate is only represented by the solution to Laplace’s
equation. Last, we adapted the framework to include the mapping of vector data. The
result for mapping synthetic data is shown in Figure 1.5.

1.4 Conclusion

In this project, we present an updated version of the consistent biventricular coordi-
nates introduced by [2]. The pipeline can be applied to biventricular geometries for
mapping scalar and vector data between different hearts.

Cobiveco 2.0 builds upon the original Cobiveco [2], by extending the coordinates
for biventricular geometries that include the ventricular base. We aim to keep the
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Fig. 1.4: Visual Comparison of the four coordinates created by Cobiveco 2.0 and
Cobiveco 1.0. The apicobasal coordinate shown for Cobiveco 2.0 is represented by
the solution to Laplace’s equation.

Fig. 1.5: Cobiveco 2.0 has the functionality of mapping vector fields. First, the
coordinates are built in the source 𝐵 and target 𝐴 biventricular geometries (top).
Then the map 𝑀𝐴←−𝐵 is used to map vector fields (bottom).
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resulting coordinates with the same properties from the original ones: bijective, con-
tinuous (apart from the binary transventricular coordinates), normalized, complete,
linear, with consistent parametrization, and consistent landmarks.

The new pipeline reduces manual mesh manipulations for surface extraction. The
required surfaces can be effortlessly extracted using fewer parameters than other
conventional methods. Cobiveco 2.0 enables the mapping of vector data in addition
to scalar data, which is useful for computational modeling and data comparison.
A remarkable application of this feature is myofiber data mapping which is widely
used in electrophysiology simulations. Moreover, by enabling data transfer between
anatomical accurate biventricular geometries, it will be possible to validate com-
putational models for diseases that manifest themselves in areas close to the valve
planes.

The newly developed pipeline, with the inclusion of the valve planes in the
cardiac model, is of special interest for studying the most common form of CHD,
namely Tetralogy of Fallot (ToF). In ToF patients, the scar tissue is located close
to the base, rendering electrophysiological simulations feasible with our pipeline
[6, 7, 8, 9, 10, 11].

To the best of our knowledge, there is no consistent coordinate system available
that can be readily applied to a four-chamber heart model. The current state-of-
the-art coordinates for the atria, Universal Atrial Coordinates (UAC) is not based
on circular coordinates but rather in lateral-septal and posterior-anterior coordinates
[12]. The two-dimensional framework can be extended to three dimensions by adding
a transmural coordinate. Therefore, merging our improved Cobiveco pipeline with
an updated version of the UAC could be used to create a consistent four-chamber
heart coordinate system.

1.4.1 Limitations

The limitations of the current work include incomplete assignment of the rotational
and apicobasal coordinates. Therefore, we aim to improve the ridge assignment to
obtain a more symmetric ridge, which will result in a more symmetric rotational
coordinate, as the ridge defines the boundaries set in the rotational coordinate. To
achieve this goal, we will modify the anterior part of the ridge in the LV to be defined
via the aortic valve and not via the mitral valve as the definition is set now. This
will ensure a symmetric set up of the rotational coordinate in the RV and LV. The
remaining parts of the proposed framework, however, were successfully tested in
one patient-specific geometry.

Besides, a statistical analysis of the errors using a cohort of geometries is nec-
essary to ensure this is a reliable coordinate system. Moreover, the mappings were
performed using artificial data. Future work could include transferring experimental
data between two geometries to ensure the results are physiologically consistent.
Furthermore, the post-processing could also feature tensor data mapping.
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