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Abstract:

The reconstruction of surface meshes of intracranial aneurysms (1A) is the basis for subsequent hemodynamic simula-
tions in order to approximate the internal blood flow. Due to the irregular contrast agent distribution and image arti-
facts inherent to the medical data acquisition, an initial segmentation of the 1A is error-prone and requires several man-
ual correction steps. Within this work, we describe how to create a 3D surface mesh from the medical image data that is
well suited for a blood flow simulation via computational fluid dynamic simulation. Our workflow only comprises freely
available software tools. We present common artifacts and how to take care of them.
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1 Problem

Intracranial aneurysms (1A) are pathologic dilatations of the neurovascular vessel wall with a prevalence of approx. 3%
[1]. Inherent to 1A is the risk of rupture, which may cause a subarachnoid hemorrhage. The treatment options comprise
endovascular intervention and neurosurgical clipping with a high rate of complications in relation to the rupture rate of
asymptomatic aneurysms. Thus, the rupture rates of small and asymptomatic intracranial aneurysms are reportedly
equaled or exceeded by the mortality rate associated with treatment [2]. Therefore, the rupture risk assessment is an im-
portant clinical research area.

In clinical practice, the most important rupture risk factors are the type of aneurysm (i.e., asymptomatic or symptomat-
ic), age, sex, and aneurysm size and position [3]. Furthermore, morphological parameters, e.g., irregular shape, orienta-
tion, diameter and ratio between aneurysm neck and dome [4], as well as instable and complex blood flow [5, 6] are as-
sumed to be rupture risk factors.

The internal blood flow of 1A can be directly measured via phase contrast magnetic resonance imaging (PC-MRI) or
approximated via Computational Fluid Dynamics (CFD) simulation. For a successful CFD simulation, i.e., the conver-
gence of the hemodynamic simulation, a volume grid has to be extracted from a high-quality surface mesh representing
the vessel geometry [5]. In this work, we present a pipeline that describes how these surface meshes can be acquired
from the medical image data. Important aspects are the initial segmentation of the patient-individual aneurysm geome-
try, the extraction of the 3D surface mesh as well as the optimization of this mesh. Our work is based on the optimiza-
tion of vascular surface models [7], but it is further optimized and tailored to the extraction of aneurysm surface meshes
for CFD simulations. In addition, it only comprises freely available software tools. Since no software tool for the entire
and interactive aneurysm surface mesh reconstruction is available, we discuss related work specifically at each step of
our pipeline. With the presented work, a large variety of datasets (with 34 1A) were processed, in contrast to the previ-
ous work [7], where 7 | A were reconstructed and evaluated for initial experiences.

Image artifacts (e.g., image noise, motion artifacts, cone beam hardening and partial volume effects) induce problems of
the surface mesh extraction. An irregular contrast agent accumulation or an insufficient contrast agent flush causes se-
vere problems as well. The contrast agent may not have reached the relevant vessel parts at the acquisition time due to
the patient’s anatomy and possible pathologies. Furthermore, the complex and pathologic aneurysm geometry itself can
hamper the contrast agent flush resulting in a degraded image quality. Further artifacts are so-called pseudostenoses. A
pseudostenosis is caused by signal superimposition of larger, high-contrast structures (e.g., the aneurysm or its parent
vessel) next to smaller vessel parts. Hence, the signal intensities pretend a narrowing at the branching of the smaller
vessels. The pseudostenosis is detected by the clinical expert and / or identified in an additional (multimodal) imaging.
Finally, blending artifacts arise if two structures (e.g., the aneurysm and a vessel part) are very close to each other. Due
to the partial volume effect, a segmentation of all structures comprises an artificial connection of these two structures.
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Fig. 1: Workflow for the extraction of an optimal surface mesh of the aneurysm’s geometry for subsequent CFD simula-
tions. The employed software tools are listed in the grey boxes at the bottom of each step.

Our pipeline for the reconstruction, artifact removal, and optimization of the surface mesh, is presented in Fig. 1. The
workflow comprises the following steps that will be explained in more detail in the next sections:
1. From the medical image data (see Section 2.1), an initial segmentation of the aneurysm and its connected ves-
sels (see Section 2.2.) is extracted, yielding a voxelized binary mask.
2. The initial segmentation is converted into a surface mesh, i.e., a triangle mesh (see Section 2.3.1).
Acrtifacts of the surface mesh are corrected (see Section 2.3.2).
4. The in- and outlets of the vessels are clipped perpendicular to their centerlines, which is required by the CFD
simulation (see Section 2.3.3).
5. The corrected and clipped surface mesh is optimized for an improved mesh quality and the volume grid gener-
ation for the CFD simulation (see Section 2.3.4).
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2 Material and Methods

In this section, we describe the medical image data and the initial segmentation of the aneurysm model. Afterwards, all
steps for the reconstruction of the surface mesh are presented.

2.1. Medical Image Data

The 3D surface mesh is generated from a medical 3D dataset, e.g., a tomographic image dataset. Hence, usually MRI or
computer tomography (CT) is employed for image acquisition. In addition, a 3D rotational subtraction angiography (3D
RSA) can be acquired with a Dyna CT system. The contrast enhancement of vessels is achieved via contrast agent ad-
ministration (yielding MR Angiography (MRA) and CT Angiography (CTA) datasets) or the time-of-flight (ToF) MR
sequence. The typical extent of the tomographic image data is 512x512x256 voxels. The spatial resolution depends on
the imaging modality and varies between ~0.2 - 0.5 mm in the image plane with a slice distance of ~ 0.25 — 0.5 mm. At
the moment, 34 surface meshes have been reconstructed with the presented pipeline.

2.2. Initial Segmentation of the Aneurysm

The initial segmentation comprising the aneurysm and connected vessels is extracted from the tomographic image data.
Due to the attenuation of the vessels via contrast agent accumulation or MRI ToF imaging, there is a sufficient signal
contrast between the lumen of the vessels and the surrounding tissue. Therefore, primitive threshold-based techniques
(e.g., thresholding or region growing) can be applied for the initial segmentation (see Fig. 2). This step of the pipeline is
realized using MeVisLab 2.6.2 (MeVis Medical Solutions AG, Bremen, Deutschland, www.mevislab.de), a freely
available software tool with dedicated methods for the medical image processing and visualization. Hence, our pipeline
comprises the straightforward segmentation via thresholding. Thus, image artifacts lead to artifacts of the resulting sur-
face mesh and are corrected later on (see Section 2.3.1). In contrast to this procedure, also complex segmentation ap-
proaches can be employed, e.g., model-based approaches for 3D RSA datasets [8]. To extract surface meshes for aneu-
rysms with low contrast next to the high contrast enhanced major vessels, multi-range filters were employed [9]. Fur-
thermore, level sets were adapted for the segmentation of 1A [10,11]. Semi-automatic methods require specific user
input to avoid an over- or undersegmentation, e.g., the user can steer the segmentation method via multiple placement
of seeding points [12]. Geometrical presentations of vessels can be extracted via model-based approaches, where arti-
facts are reduced due to the model assumptions [13]. In contrast, our pipeline comprises artifact correction in a post-
processing step (see Section 2.3.1). However, the model-based segmentation often requires circular or elliptical vessel
cross-sections, whereas A often exhibit irregular vessel shapes and strongly varying vessel cross-sections. Therefore,
we chose the thresholding approach and subsequent artifact correction.
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Fig. 2: A) Slice image of a 3D RSA datset with an aneurysm (see arrow). B) shows a direct volume rendering view
with primitive windowing. C) presents the 3D view of the binary mask extracted with thresholding. The surface mesh
depicted in D) was extracted via marching cubes applied to the binary mask. All views were generated with MeVisLab.

2. 3. Extraction of the Surface Mesh

2.3.1. Geometrical Representation

For the generation of the geometrical representation required for volume grid generation and CFD simulation, the pre-
viously described initial segmentation is converted. We apply the marching cubes algorithm (available in MeVisLab) to
the binary mask. The extracted surface mesh is a triangle mesh of poor quality, i.e., it contains acute-angled triangles or
artifacts like sharp edges or small bumps due to the voxelized initial segmentation mask. These problems have to be
corrected for a successful subsequent CFD simulation. However, irregular pathologies are contained in the initial sur-
face mesh due to the straightforward approach. The initial surface mesh is smoothed with a Laplacian kernel (available
in MeVisLab). Naturally, for the generation of surface meshes from a binary mask, other methods are employed as well,
for example implicit methods like the MPU implicits approach [14]. However, the result of such implicit methods de-
pends on the quality of the initial segmentation (recall Section 2.2). Since our pipeline comprises a primitive segmenta-
tion (i.e., thresholding) followed by the correction and reduction of artifacts afterwards, we focus on explicit methods
like the marching cubes technique.

2.3.2. Manual Correction of Artifacts

As described in the previous paragraph, a global smoothing is applied to the initial surface mesh (carried out in
MeVisLab). In the next step, we focus on the local correction of artifacts. We use Sculptris 1.02 (Pixologic,
http://pixologic.com/sculptris/), a free software tool for 3D modeling based on surface meshes.

Our workflow comprises the correction of two types of local artifacts:

e  Small artifacts like bumps or valley of the mesh and pseudostenoses.
o Blending artifacts at two close vessel parts.

We locally smooth small bumps or valleys, i.e., artifacts which are not small vessels, see Fig. 3. A pseudostenosis is
removed by thickening of the affected vessel parts. Sculptris provides the option to locally adjust a region of interest
(ROI). A circle-shaped ROI is projected on the surface mesh (recall Fig. 3C) and all actions only affect triangles within
this ROI. The user can interactively and intuitively change the size of the ROI and its position.

Blending artifacts may arise if two contrast-enhanced structures are very close to each other (recall Section 1). The cor-
rection involves two steps. First, the blending is removed with Blender 2.74 (Blender Foundation, Amsterdam, the
Netherlands, https://www.blender.org/), an open-source 3D modeling, graphics and animation program. To avoid holes
in the surface mesh, we create a closed cube mesh. We rescale the cube and position it such that it encloses the blending
area. Next, we carry out Boolean operations, i.e., we subtract the cube mesh from the aneurysm surface mesh yielding a
surface mesh without the blending, see Fig. 4. Afterwards, the planar and cropped areas are smoothed with Sculptris.
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Fig. 3: Correction of small artifacts with Sculptris (A-D). The triangles forming the artifact were locally (see arrow and

the orange highlighting of the ROI) smoothed and merged.
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Fig. 4: Correction of a blending artifact (A-D). A quad is added to the 3D scene in Blender (see arrow in B) and cut
with the surface mesh via Boolean difference operation (C). The surface mesh was locally smoothed with Sculptris (D).

2.3.3. Generation of Inlets and Outlets

Another prerequisite for the CFD simulation is the correct definition of the inlet and outlets. The CFD simulation re-
quires assignments to these cross-sections, e.g., an inlet curve representing the incoming blood flow velocity or the re-
sistance of the blood flow through the outlets. In general, these conditions need to be defined perpendicular to the direc-
tion of the blood flow. Thus, we have to create faces for the inlets and outlets perpendicular to the vessel centerline.
Therefore, we employ a cutting of the surface mesh using Blender again, see Fig. 5. The example shows a bended ves-
sel with a cube added to the 3D scene. It was placed such that the resulting cutting plane is perpendicular to the center-
line. Next, the cutting is carried out via the Boolean difference operator in Blender. To provide a sufficiently long
enough and straight vessel section for the CFD simulation, the newly created cutting plane is extruded by at least six
mean vessel diameters. This enables the development of a complete flow profile (e.g., a parabolic flow profile) and re-
duces the influence of boundary conditions, before the simulated blood enters the patient-specific geometry during the
simulation.

A) B) 9) D)
Fig. 5: lustration of the cutting of an outlet cross-section. A cube is added to the 3D scene (see arrow in B), which cuts
the surface mesh using Boolean difference operations (C). The newly created cutting plane is extruded in order to main-
tain optimal CFD inflow conditions.

2.3.4 Optimization of the Surface Mesh
Finally, the optimization of the surface mesh is carried out to improve the triangle quality, i.e., improved triangle edge
ratio and homogeneous triangle size. The resulting optimized surface mesh is the prerequisite for a successful volume
grid generation and for the stability and convergence of the CFD simulation, respectively. For the optimization, we em-
ploy NETGEN 5.0 (an open source program, http://sourceforge.net/projects/netgen-mesher/, [15]), which uses an ad-
vancing front method. Hence, mesh optimization algorithms as well as a hierarchical remeshing are included. The user
can define feature edges, which are preserved during the remeshing. We select the edges of the in- and outlets, a process
that is semi-automatically carried out by defining the desired minimum angle between two adjacent triangles (edges
with two adjacent triangles fulfilling this requirement are defined as feature edge). After the optimization, the feature
edges of the inlets and outlets are preserved and the triangle quality has been improved (see Fig. 6). Now, the resulting
surface mesh is ready for the volume grid generation and the subsequent CFD simulation. Alternatively, also commer-
cial tools, e.g., INRIA’s YAMS [16], are employed for the aneurysm surface mesh optimization [17].

Fig. 6: Optimization of the initial surface mesh (left) via NETGEN yields homogeneously szed tréngles and an inm-
proved triangle edge ratio. Furthermore, the triangle size is adapted to the curvature of the surface (see inlet).
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3 Results

With the presented pipeline, optimized surface meshes are generated. Afterwards, the surface mesh is compared to the
original medical data by a medical expert using a comparative visualization realized by MeVisLab, see Fig. 7. The orig-
inal dataset is depicted with a rending based on a windowing transfer function. The extracted surface mesh is highlight-
ed with indirect surface visualization (both techniques are available in MeVisLab). The quality of the surface mesh to-
pology is mainly influenced by the artifacts listed in Section 1. Often, the comparative visualization confirms sufficient
quality of the surface mesh (i.e., no part is missing, artifacts are corrected). In case the original image data strongly dif-
fers from the extracted mesh, irregular contrast agent distributions have to be identified and, if necessary, corrected.
This examination usually involves a clinical expert to account for an anatomically plausible vessel representation. If the
comparative visualization only reveals small differences, like small bumps or local over- and under-segmentations, the
errors are corrected with Sculptris and the surface mesh is reloaded.

Fig. 7: Comparative visualization with MeVisLab. A rendering of the 3D RSA with IA (arrow) is shown on the left. The
user can modify the coloring of the surface mesh. In the center, red is assigned to the original dataset and white to the
surface mesh. On the right, white is assigned to the original dataset and green to the surface mesh.

4 Discussion

The main drawback of the presented pipeline is the integration of four different software tools: MeVisLab, Sculptris,
Blender and NETGEN. Thus, the user has to become familiar with these tools and develop a certain expertise for each
of them and the target geometry needs to be exchanged between the different separate tools. Especially for image data
with low quality and many correction steps, the surface generation process is very complex and may get tedious. How-
ever, only freely available software tools were employed. The post processing, i.e., the manual correction allows for in-
tegration of expert knowledge. Hence, also irregularly shaped parts of 1A and their parent vessels can be reconstructed.
In summary, a unified solution for segmentation, smoothing, mesh extraction, artifact correction, cutting and optimiza-
tion seems to be desirable and could help to faster guide the user through this process and support the exchange with the
medical experts. However, each software tool has its advantages (including a sophisticated user interface) and it is ques-
tionable that all functionalities can be easily transferred into a unified solution.

5 Conclusion

The presented pipeline allows for the extraction of an optimized surface mesh, which can be employed for volume grid
generation and subsequent CFD simulation. The workflow was subdivided into the most important parts and explained
in more detail. Researchers of the clinical or computational domain can easily adapt this workflow and replace certain
steps with their own methods. Also, typical artifacts were discussed and a guidance for correction of these artifacts was
provided. For the improved rupture risk assessment, the extraction of additional features beyond attributes related to the
CFD simulation can be carried out. For example, the surface mesh can be employed for the extraction of the ostium
plane or the automated determination of the distance between aneurysm dome and aneurysm neck including centerline
detection or parametric extrusion techniques.
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