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Summary. Mesh generation of patient-specific blood vessels represents a key step in finite-
element-based numerical simulations. In cardiovascular applications, they can serve as a non-
intrusive analysis tool to support physicians in understanding and decision-making. The focus
herein lies on patient-specific blood vessels, both healthy as well as non-healthy ones, which may
have significantly altered morphologies. The input of the algorithm is the surface mesh of the
original domain, which is then represented implicitly, by a signed distance function. From the
same surface mesh, we generate a topological skeleton. It is used as as intermediate step to fa-
cilitate the generation of a block-structure. Thereafter, transfinite maps are applied to complete
the mesh generation. The approach offers large flexibility in terms of spatial refinement as well
as mesh order, and satisfactory mesh quality. Suitability for anisotropic refinement enables the
generation of boundary layers without increasing the number of mesh elements, making them
imminently suitable for fluid simulations. Another useful feature of the approach is the easy
incorporation of semantic information to individual mesh elements, enabling straightforward
assignment of local properties. The meshing algorithm is verified on examples from an open
data repository.

1 Introduction

Blood vessels present a demanding class of domains with respect to mesh generation, which is
a crucial part of numerical simulations based on the finite element method (FEM). Whether one
considers blood flow simulations in the context of computational fluid dynamics (CFD) [22, 11],
or fluid-structure interaction (FSI) [5 [19], an adequate mesh of the computational domain is
a necessity. Usually, this is a cumbersome task requiring multiple levels of interaction from
the user. Even then, obtaining a mesh that is not only usable, but also of high quality, is
not straightforward or guaranteed. Unstructured meshing is still predominant when meshing
complex domains, offering a good rate of success in producing valid meshes, while requiring only
the domain’s surface. Additional effort is usually necessary to obtain the final simulation-ready
mesh, involving, e.g., parameter tuning or the post-production of boundary layers. The resulting
unstructured meshes are commonly fairly large, in terms of the number of nodes and elements,
easily going into the millions [17].

An alternative is discussed herein, namely a structured meshing approach [23]. At the price
of having to narrow down to a specific class of domains, we obtain more control over the quality
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as well as the size of the mesh, which plays a crucial role in certain applications. Examples
include sensitivity analysis and uncertainty quantification, where one varies certain parameters
of the domain and thus requires multiple simulation results, e.g., in the order of tens or hundreds
of thousands. There, a large mesh presents a direct bottleneck.

In order to combat this issue, we follow a block-structured meshing approach, meaning that
we firstly seek to generate a block-structure [3] [I], which is a representation of the domain in the
form of coarse blocks. In this work, blocks are valid hexahedral finite elements. Note that the
only requirement on the block-structure is that it is topologically equivalent to the domain of
interest, not necessarily representative of, e.g., the curvature. In vascular domains, the topology
may also be easily represented via a centerline, also called a skeleton [4]. Hence, a skeleton is a
natural basis for the generation of the block-structure, as well as a useful tool for such domains in
general [I2]. This has been documented in other works [I3], 1T}, [7, ©]. To proceed with the mesh
generation, we obtain an implicit surface description from the input data, which most often
comes in the form of a surface mesh. To complete the mesh generation, transfinite maps [20]
are applied to obtain nodal positions, and a connectivity matrix is generated thereafter. With
respect to spatial refinement, the mesh can be as coarse as the block-structure. Additionally,
the approach supports the generation of higher-order meshes, relevant for p-FEM.

Finally, we consider our algorithm’s capability of performing semantic meshing, i.e, labeling
elements based on a given criterion, often done in the context of segmentation [16], which is a key
step in obtaining patient-specific surface meshes. Namely, it is often desirable to equip different
properties to different parts of a given domain, e.g., when one wants to consider multiple types
of materials, or separate a fluid domain from a solid domain. Hence, it is useful to be able to
tag certain areas in the domain, so as to automatically differentiate between them on the mesh
level. In our approach, it is enough to tag the skeleton, which is an easy process, since the
skeletons are relatively coarse. Thereafter, the tags are carried over to the block-structure, and
subsequently to the mesh. Moreover, the block-structure is designed to have a boundary layer,
meaning that it is relatively straightforward to assign different layer properties to the domain
as well. Thus, semantic meshing comes at a fairly low price, in the proposed approach.

The rest of the paper consists of two main sections. The first one covers the data acquisition
and preprocessing as well as the mesh generation itself, and the following section contains the
examples and the accompanying discussion.

2 Methods
2.1 Data acquisition

The input data for all of the examples in the paper were obtained from the Vascular Model
Repository [21], an open-source database of cardiovascular domains. We made use of the surface
meshes as well as the skeletons, where they were available. Preprocessing of the skeletons was
necessary, e.g., to remove some skeleton nodes which are outside of the domain or to merge
separated branches and junctions. The surface meshes, which are used as the input for our
algorithm, are of very good quality. Minimal processing was performed in Meshlab [8] to perform
smoothing around junctions, via Loop subdivision surfaces [15]. For certain operations, it is not
crucial to have the smooth surface of the domain, which may contain many elements. Therefore,
for the purpose of speeding the algorithm up, we also made use of coarser surface representations
obtained from the original surfaces, using the quadric edge collapse decimation [10] implemented
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in Meshlab. Fig.|l|shows the examples as they are in the Vascular Model Repository, and Tab.
the relevant input data information.

(a) (b) (c)

Figure 1: Patient-specific models obtained from the Vascular Model Repository: (a) cerebral
aneurysm, (b) aortic coarctation, and (c) a healthy cerebral artery.

H Case ‘ # of skel. nodes ‘ # of skel. segments ‘ # of surf. nodes ‘ # of surf. elements H
Aneurysm 11 10 1 892 3 780
Coarctation 58 57 81 250 162 496

Cerebral 576 575 49 367 98 730

Table 1: Input data size: number of skeleton nodes and segments, and the number of elements
and nodes in the corresponding surface meshes.

In general, skeleton extraction from the input surface can be performed with various tools
and methodologies, most notably the vascular modeling toolkit [2].

2.2 Mesh generation

In order to be able to precisely map points to the surface, an implicit description is generated
from the input triangle surface mesh. We use a typical signed distance function, which measures
the distance of a given point to the input surface mesh, but with a negative sign in case the
point is outside of the domain.

The mesh generation procedure consists of two steps, assuming a skeleton and an implicit
surface description are present. The first part involves the generation of a block-structure based
on the skeleton. Various skeleton configurations that occur in the domains of interest need to
be considered, in order to design targeted block-structure schemes. To this end, we consider a
fundamental differentiation of skeleton points, based on the respective number of neighbours. In
case of 1 or 2 neighbours, a point is referred to as a non-junction point, otherwise it is a junction
point. For junction points with 3 neighbours, which is the most common case in the aorta, we
follow the scheme from [6], and generate a reference line u = uy X ug +ug X us+ug X uy, where u;
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are defined as direction vectors from the neighbours of the given point. This is then used a basis
to generate connected cross-sections facing the neighbours, shown in Fig.[2] Moreover, the planes
where the cross-sections are placed can be rotated around the said reference line. A sensible
approach is the plane where the cross-section (on average) remains closest to the skeleton point,
in order to better represent junctions with significantly different neighbour radiuses.

(a) (b) () (d)

Figure 2: Generation of cross-sections around junction points: (a) planes based on the three pairs
of neighbouring points, (b) the reference line which is the intersection of the three planes, (c)
the three (half) cross-sections facing the neighbours, and (d) the final junction block-structure
scheme.

For non-junction points, we determine the planes for cross-section placement based on their
neighbours. This is much more straightforward, as a point with two neighbours is assigned
exactly the plane between the two segments. Additionally, a bias may be introduced in case of a
large difference between segment lengths or local radiuses. Endpoints, i.e., points with only one
neighbour are assigned a plane with a normal vector of precisely the only associated segment.
Their respective reference lines are interpolated from the fixed reference lines of the junctions
in the skeleton, to minimize twisting. Fig [3] showcases the procedure.

(a) (b) () (d)
Figure 3: Generation of cross-sections around non-junction points: (a) planes based on the
neighbours of each point, (b) reference lines interpolated from the junction reference line, (c)
the cross-sections, and (d) the final block-structure obtained by connecting the cross-sections
into blocks.

Junctions, alongside abrupt radius changes, represent the most difficult skeleton configura-
tions to tackle. This is true in the general context of skeleton-based approaches [7, [13], [11].
Assuming the junction in question is more complex, i.e., has more than three neighbours, the
same approach essentially works in case the junction is nearly planar. Figl]shows different cases
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of junctions, namely a 5-furcation, neighbouring junctions, and a junction with significantly dif-
fering neighbour radiuses. All of the configurations stem from examples found in the examples
section.

(a) (b) ()

Figure 4: Various complex configurations of the blocks: (a) a (nearly planar) 5-furcation, (b)
two connected junctions, and (c) a junction whose neighbours have vastly different radiuses.

In the final part of the mesh generation procedure, we make use of the implicit surface
description and the block-structure via transfinite maps. Depending on the desired spatial
refinement level and mesh order, the required number of points is placed on each edge of the
block-structure, and projected to the surface in case the original edge was on the surface of the
domain. Then, we apply transfinite maps for quads to generate the inner points on the faces of
the block-structure. Again, for each face that is on the surface of the block-structure, its points
are thereafter projected to the surface of the domain. Finally, transfinite maps for hexahedra
are applied to generate the points in each block interior. After the generation of a connectivity
matrix, the meshing process is completed. For more details on this step we refer the reader
to [20 [7, [6].

As an example of a local property that can be induced on the block-structure level, we
consider anisotropic refinement, which is useful for the treatment of boundary layers in fluid
simulations. Rather than adding new layers of thin elements to the mesh, a non-uniform node
distribution is induced in the block-structure, and straightforwardly propagated to the final node
positioning through the transfinite maps for quads and hexas. Fig.[5]illustrates the difference in
the cross-section caused by modified refinement. Note that both meshes have the same amount
of elements.

(a) (b)

Figure 5: Zoomed-in view of anisotropic refinement for the treatment of boundary layers: (a)
an isotropically refined mesh, and (b) an anisotropically refined mesh.
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2.3 Semantic meshing

Being able to differentiate between different parts of the domain is useful for assigning spa-
tially dependent attributes, such as varying material properties. In a block-structured approach,
it is clearly known which elements stem from which blocks. Moreover, since the block-structure
is generated from the skeleton, it is possible to associate individual blocks to skeleton points
and segments. Therefore, if one labeled the skeleton, which is a rather coarse object in this
particular approach (11 points for the cerebral aneurysm, see Tab. , this labeling could be
transferred to individual mesh elements, greatly alleviating the difficulty of the process. As
a concrete example, we consider simply separating a cerebral aneurysm from the rest of the
cerebral artery, as shown in Fig. [6]

(a) (b) ()

Figure 6: Semantic mesh labeling: (a) color-coded skeleton labeling, with the red part represent-
ing the aneurysm, (b) the analogously color-coded block-structure, passed on from the skeleton,
and (c) the color-coded mesh.

3 Examples

In this section we highlight several mesh examples generated by our algorithm. All of the
presented domains are in fact patient-specific. The first example showcases a cerebral aneurysm.
Namely, the cerebral arteries are vital in the process of supplying blood to the spine as well as
the brain. An untreated aneurysm may rupture, which may lead to serious health problems.
Fig. [7] shows the skeleton, block-structure and the mesh examples for the aneurysm case. The
next example is a coarctation of the aorta, showcased analogously to the previous case, in Fig.
Patients with this condition exhibit a narrowing of the aorta, most often just after the sub-vessels
at the top. The condition can cause various issues, in particular if the narrowing is severe. The
final example is an extensive model of a healthy cerebral artery, again shown in the same format
as the previous examples, in Fig. [J]

In Fig. we show the histograms of scaled Jacobian values for each of the mesh examples.
The scaled Jacobian is a widely used mesh quality metric[I4] 18], where an ideal element has
the value of 1, and negative values imply invalid elements.
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(d) ()

Figure 7: First mesh example showing a cerebral aneurysm: (a) the input triangle surface mesh,
(b) the skeleton, (c) the block-structure, and (d)-(e) different views of the structured hexahedral
mesh.

(a) (b) (c) (d) (e)

Figure 8: Second mesh example illustrating an aortic coarctation: (a) the input triangle surface
mesh, (b) the skeleton, (c) the block-structure, and (d)-(e) different views of the structured
hexahedral mesh.
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(a) (b) () (d) (e)

Figure 9: Third mesh example containing a highly complex configuration of a healthy cerebral
artery: (a) the input triangle surface mesh, (b) the skeleton, (c) the block-structure, and (d)-(e)
different views of the structured hexahedral mesh.

(c)

Figure 10: Mesh quality evaluation using histograms of element-wise value of the scaled Jacobian
for the three cases, where 1 indicates an ideal element.
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4 Conclusion

Block-structured meshing offers unique advantages of coarse mesh generation, local editing,
and straightforward element tagging. In case any of those are properties of major significance,
as is often the case in cardiovascular applications, we argue that a block-structured approach
is worth the additional effort, compared to opting for a traditional unstructured method. The
domains in question, i.e., blood vessels, can in most cases be adequately described by their
skeleton, exhibiting a certain underlying structure even in the non-healthy cases. This makes
them suitable for structured meshing approaches such as this one. Overall, high mesh quality
is obtained, even though no particular post-processing or optimization was performed on the
resulting hexahedral meshes, which would be a natural next step.

Data availability

The meshes shown in this paper, as well as a more extensive and consistently growing set of
meshes will be made available post-publication.
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