
  

  

Abstract— Three-dimensional shape analysis and image-
based hemodynamic simulations are widely used to assess the 
individual rupture risk of intracranial aneurysms. However, 
the quality of those results highly depends on pre-simulative 
working steps including image reconstruction and 
segmentation. 

Within this study, three patient-specific aneurysms were 
reconstructed using three different voxel sizes (0.1 mm, 0.3 mm, 
0.5 mm). Afterwards, 3D segmentations and time-dependent 
blood flow simulations were carried out to evaluate the impact 
of the reconstruction size.  

 The results indicate that overall all voxel sizes lead to a 
qualitatively good agreement with respect to the aneurysm 
surfaces. However, deviations occur regarding the neck 
representation as well as the consideration of perforating 
arteries. Further, morphological differences lead to clear 
hemodynamic variations, especially for shear force predictions.  

The findings indicate that depending on the desired analysis, 
careful reconstruction parameter selection is required. 
Particularly, for quantitative morphology and blood flow 
studies, the early step of reconstruction can have a crucial 
effect on subsequent results.  

I. INTRODUCTION 

Intracranial aneurysms are permanent malformations of 
the cerebral vasculature and occur at several locations of the 
Circle of Willis [1]. Since aneurysms can completely differ 
with respect to their phenotype as well as the hemodynamic 
situation, individualized therapy is required. To assess the 
rupture risk or support the treatment planning of intracranial 
aneurysms, hemodynamic simulations are increasingly 
applied. However, due to several simplifications and the lack 
of patient-specific boundary conditions (e.g., individual flow 
rates), clinical acceptance remains limited.  In order to 
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improve this situation, influences that impact the quality of 
image-based simulations need to be analyzed and respected 
in subsequent research studies.  

It has been demonstrated by Valen-Sendstad et al. [2] that 
the correct geometric representation of an aneurysm has a 
primary effect, while for instance outlet boundary conditions 
or the treatment of blood as a Newtonian fluid have only 
secondary influence [3, 4]. Additionally, the variability of 
numerical methods for cerebral simulations was extensive 
evaluated [5]. However, in order to provide an appropriate 
virtual vasculature, careful reconstruction and segmentation 
need to be carried out. In this regard, Berg et al. [6] revealed 
the impact of different reconstruction kernels on morphologic 
and hemodynamic results. Furthermore, Lauric et al. [7] 
found that the choice of angiographic modality as well as the 
reconstruction kernel has a critical impact on aneurysm 
morphology and blood flow results. 

Hence, this study is an important extension to the 
previous works, since it focuses on the effect of 
reconstruction voxel size. Here, three intracranial aneurysms 
were chosen and reconstructed with three different voxel 
sizes. Therefore, nine cases were evaluated with respect to 
morphologic and hemodynamic differences. This allows for 
recommendations regarding the reconstruction, if quantitative 
blood flow studies are desired and enables research groups to 
carefully select their reconstruction settings in advance. 

 

II. MATERIALS AND METHODS 

A. Case Description 
Within this study, three randomly selected patient-

specific aneurysms were included. These were located at the 
internal carotid artery (Case 1), anterior communicating 
artery (Case2) and middle cerebral artery (Case 3), 
respectively. All patients were minimal-invasively treated 
using either stent-assisted coiling or flow diverter placement. 

B. Reconstructions 
The raw 3D rotational angiography (3DRA) images of 

each dataset were reconstructed using three different 
resolutions on an Artis Q angiography system (Siemens 
Healthineers, Forchheim, Germany). These comprise the 
resolutions “small” (Dxs = 0.1 mm), “medium” (Dxm = 
0.3 mm) and “full” (Dxf = 0.5 mm), according to the 
manufacturer’s definition. To allow for a comparison under 
identical conditions, each case was reconstructed using a HU 
kernel with the image characteristic “normal”. This setting 
was identified as being sufficient, when quantitative analyses 
are desired [6]. 
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Figure 1. Illustration of the considered patient-specific aneurysms, 
reconstructed using the highest spatial resoltion (Dxs = 0.1 mm); Case 1 

(top), Case 2 (center), Case 3 (bottom)  

C. Vascular Segmentations 
The vascular segmentation was carried out using a 

clinical research prototype. This prototype enables a very fast 
generation of three-dimensional vessel surfaces within a few 
minutes. Hence, it is clinically applicable and was validated 
in a former study [8]. To ensure developed flow condition 
within the hemodynamic simulations, in- and outflow areas 
were extruded in normal direction. As illustrated in Fig. 1, the 
considered cases are shown. It needs to be mentioned that no 
modification, such as manual removing of artifacts (e.g., 
melted vessels or holes in the surfaces), was performed. 
Hence, only the reconstruction voxel sizes varied and all 
other working steps were kept constant. 

D. Hemodynamic Simulations 
Based on the nine segmentation results, time-dependent 

blood flow simulations using computational fluid dynamics 
(CFD) were performed with STAR-CCM+ 11.06 (Siemens 
Product Lifecycle Management Software Inc., Plano, TX, 
USA). Before the actual computations, the same software 
was used for spatial dicretization of all simulation domains. 
A base size of 0.08 mm and three prism layers resulted in a 
number of polyhedral and prismatic elements ranging from 
1.6 million to 3.4 million. For the unsteady simulations, 
inflow waveforms acquired in a healthy volunteer using 7T 
phase-contrast magnetic resonance imaging were applied [9]. 
Further, rigid vessel walls were assumed and zero-pressure 

outlet boundary conditions were applied at each distal cross-
sectional area. Blood was treated as laminar, incompressible 
(r=1055 kg/m3) and Newtonian (h=4 mPa×s) fluid. A time 
step size of Dt = 1E-3 s was defined and solutions were 
assumed to be converged, when residuals for continuity and 
all three velocity components decreased below 1E-5. Three 
cardiac cycles were calculated in order to obtain a period 
solution, while only the last cycle was used for analyses.  

E. Analysis 
To evaluate potential differences due to the choice of 

reconstruction voxel size, several morphological as well as 
hemodynamic metrics were calculated. For the analysis of the 
segmented geometries, aneurysm surface area Aa, aneurysm 
volumes Va and aneurysm ostium areas Ao were considered. 
Furthermore, the complexity of each aneurysm shape was 
characterized using the ellipticity index (EI). Equation (1) 
contains the corresponding definition based on [10]: 

 𝐸𝐼 = 1 − (18𝜋)*/, -./
0/1

2./
  (1) 

where VCH and SCH are the volume and surface area of the 
convex hull, respectively.  

A deviation from the spherical shape is expressed using 
the nonsphericity index (NSI), which considers the actual 
aneurysm volume and surface area (2).  

 𝑁𝑆𝐼 = 1 − (18𝜋)*/, -
0/1

2
  (2) 

The final morphological parameter used within this 
analysis is the undulation index (UI). Here, the ratio of 
aneurysm volume and the volume of the convex hull was 
considered (3).   

 𝑈𝐼 = 1 − (𝑉/𝑉78) (3) 

In addition to the geometric analysis, relevant 
hemodynamic parameters were compared. In this regard, 
spatial and temporal averaged wall shear stresses (AWSS) 
were calculated over the cardiac cycle T (4).  

 𝐴𝑊𝑆𝑆 = 1/𝑇 𝑤𝑠𝑠 𝑑𝑡@
A  (4) 

To account for dimensionless metrics that characterize the 
shear intensity on each aneurysm surface, shear 
concentrations indices (SCI) were computed based on the 
total viscous shear forces Fh and Fa computed over the area 
of high WSS (Ah) and the entire aneurysm (Aa) (5).  

 𝑆𝐶𝐼 = CD	/	CF
GD	/	GF

 (5) 

Finally, the flow situation is measured using the inflow 
concentration index (ICI). Here, the flow rate into the 
aneurysm Qin, the flow rate in the parent artery Qv, the ostium 
area of the aneurysm Ao and the inflow area through the 
ostium Ain, respectively, were used.   

 𝐼𝐶𝐼 = HIJ	/	HK
GIJ	/	GL

 (6) 

Equations (5) and (6) are based on the formulation by 
Cebral et al. [11]. 



  

 

Figure 2. Illustration of the intracranial aneurysm surfaces (Case 1-3) reconstructed using different voxel sizes: “small” (Dxs = 0.1 mm, blue), “medium” 
(Dxm = 0.3 mm, green) and “full” (Dxf = 0.5 mm, red)  

 

III. RESULTS 

A.  Morphology 
As illustrated in Fig. 2, the effect of different voxel sizes 

becomes visible. Overall, the three-dimensional 
segmentations are in a good agreement and the aneurysms 
appear to be reconstructed almost identical. However, it can 
be noticed that especially the ostia of the aneurysms 
experience deviations. While the best resolution enables a 
sharp transition from the parent vessels to the malformations, 
lower resolutions (e.g., 0.5 mm voxel size) lead to inaccurate 
neck representations. Furthermore, small perforators and side 
branches such as the ophthalmic artery are not captured by 
the highest voxel size (see Fig. 2, Case 1). Hence, depending 
on the research question, this effect needs to be respected.  

Beside the qualitative observations, Table 1 quantifies 
relevant morphological parameters for each dataset. The 
values confirm that only small differences occur regarding 
the aneurysm surface area and volume, respectively. 
However, differences with respect to the ostium area are up 
to 10%, which is not negligible. The same trends are 
observed for the shape parameters. Although a very good 
agreement was obtained for EI, clearer differences occur for 
NSI and UI, respectively (15% and 39%).   

TABLE I.  MORPHOLOGICAL PARAMETERS OF THE DIFFERENT CASES 
CONSIDERING THREE VOXEL SIZES (F-FULL, M-MEDIUM, S-SMALL)  

Morph. 
parameter 

Case 1 Case 2 Case 3 
F M S F M S F M S 

 Aa [mm2] 
155.
975 

156.
245 

157.
859 

150.
964 

149.
435 

149.
034 

188.
149 

186.
139 

188.
963 

 Va [mm3] 210.
713 

207.
85 

205.
423 

176.
183 

170.
417 

165.
695 

262.
655 

252.
541 

246.
98 

 Ao [mm2] 31. 
064 

29. 
444 

27. 
941 

10. 
704 

9. 
629 

8. 
721 19 17. 

442 
15. 
626 

 EI [-] 0.255 0.256 0.255 0.243 0.244 0.246 0.227 0.23 0.234 

 NSI [-] 0.129 0.138 0.153 0.201 0.21 0.223 0.163 0.176 0.2 

 UI [-] 0.05 0.047 0.059 0.035 0.045 0.059 0.03 0.045 0.052 

 

B.  Hemodynamics 
The evaluation of time-dependent blood flow simulations 

reveals clear qualitative differences of the resulting wall 

shear stresses. As shown in Fig. 3, similar stresses are 
predicted at the parent vessels. However, with increasing 
voxel size resolution, improved description of the WSS 
pattern on the aneurysm sac becomes possible.  

In addition, the geometrical deviations lead to quantitative 
variabilities of the hemodynamic parameters. Especially 
those that are sensitive to wall modifications (e.g., wall shear 
stresses) experience clear variations (see Table 2). Here, the 
analysis reveals that deviations of more than 30% can occur 
(e.g., for ICI), depending on the considered voxel size.   

TABLE II.  HEMODYNAMIC PARAMETERS OF THE DIFFERENT CASES 
CONSIDERING THREE VOXEL SIZES  (F-FULL, M-MEDIUM, S-SMALL) 

Hemodyn. 
parameter 

Case 1 Case 2 Case 3 
F M S F M S F M S 

 AWSS [Pa] 6.99 7.502 7.927 1.572 1.915 1.798 3.574 3.395 3.14 

 nWSS [-] 0.518 0.532 0.597 0.22 0.282 0.255 0.68 0.671 0.62 

 SCI [-] 6.47 6.835 6.84 2.08 2.332 2.157 4.3 4.544 4.279 

 ICI 0.81 0.925 0.978 0.641 0.512 0.545 1.277 1.207 1.188 

 

IV. DISCUSSION 

Advanced computational studies based on morphological 
and hemodynamic computations are increasingly used to 
assist physicians regarding therapy planning. However, since 
several interdisciplinary steps are involved, until reliable 
results can be obtained, clinical acceptance remains limited. 
To improve this situation, transparent analysis of original 
data (e.g., due to image acquisition) is needed. Hence, the 
effect of different reconstruction voxel sizes is evaluated.      

The results of this study demonstrate that quantitative 
differences with respect to morphology and hemodynamics 
occur based on the choice of reconstruction voxel size. One 
example is a voxel size-dependent reconstruction of the 
aneurysm ostium, which is an important metric for 
physicians, since the neck is used for therapy planning. 
Additionally, several studies containing large number of 
aneurysms derive conclusions with respect to rupture risk 
assessment based on existing shear stress patterns and 
associated shear indices. Here, careful examination of pre-
simulative working steps would be desirable in order to avoid 
error-prone CFD results. 



  

 

Figure 3. Representative time-averaged wall shear stresses (AWSS) for 
Case 2 based on three voxel sizes: full (top), medium (center), small 

(bottom) 

Since this computational study includes several working 
steps, it has clear limitations. Firstly, only datasets acquired 
using 3DRA were considered. However, other imaging 
modalities such as CTA or MRA are used to evaluate 
intracranial aneurysms. Nevertheless, this study focused on 
the gold-standard with respect to spatial resolution. Secondly, 
hemodynamic simulations require simplified boundary 
conditions due to the lack of individual flow information and 
the absence of precise in-vivo measurement techniques. 
Nonetheless, all cases were simulated using identical CFD 
conditions, which enables comparability. Thirdly, the number 
of aneurysms is small. Hence, findings cannot be generalized 
and further investigations containing a higher number of 
cases is required. However, this pilot study enables an 
awareness of the effects of early image processing. 

Future work contains an increasing of the number of 
patients, which also allows for a categorization with respect 
to location. Since the parent vessels of more distal aneurysms 
(e.g., at the anterior communicating artery) possess clearly 
smaller calibers compared to aneurysms at the internal 

carotid artery, different effects of the reconstruction voxel 
size are expected.  

V. CONCLUSION 
The choice of reconstruction voxel size based on 3DRA 

image data clearly influences advanced morphological as 
well hemodynamic analyses of intracranial aneurysms. 
Hence, if precise studies with respect to rupture risk 
assessment or treatment optimization are desired, careful 
reconstruction is advised to avoid unnecessary errors.  
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