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fRom pAtient dAtA to clinicAl pRedictions – floW in 
stented AneuRysms

A timely challenge in the simulation of the flow of blood in the human 
brain is the automated analysis of flow in so-called stented aneurysms. From 
a fluid-mechanical perspective, the primary aim is to connect raw medical 
imagery data obtained from a particular patient, via a sequence of steps, to a 
quantitative numerical prediction of the flow and forces acting on the diseased 
region. Moreover, the digital model of the diseased region can also be used 
to quantify possible benefits of the placement of a so-called flow-diverting 
stent, ahead of any actual surgery – this way, clinical decision support can 
be provided to clinicians and different treatment options can be compared, all 
based on validated digital models. Starting from data documenting the local 
vasculature of the patient, we sketch the workflow that leads to the desired 
fluid-mechanical analysis – this is illustrated with a specific case-study.
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Figure 1: (a) 3D visualization of an 
intracranial aneurysm connected to 
its local vasculature. (b) Overview of 
treatment options ranging from surgical 
clipping, to endovascular procedures 
such as coiling and stenting.
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An example of an aneurysm is shown in Figure 1(a), connected to its local vasculature. An extensive widening of 
the vessel at the location of the aneurysm is clearly visible. Often, such aneurysms do not present any complaints for the 
patient and go undetected until they rupture, causing serious and often lethal consequences. In Figure 1(b) a sequence of 
currently available treatment options is presented. These days, surgical clipping is chosen less and less frequently as the 
surgery itself presents considerable threat to the patient since it involves opening the skull. Instead, endovascular treatment 
is the preferred option in many cases, distinguishing two principally different philosophies. In ‘coiling’ procedures a flexible 
wire is inserted in the aneurysm, thereby filling up the aneurysm sac and preventing blood from flowing into the aneurysm, 
thus reducing the risk of rupture. A more recent option is that of placing a flow-diverting stent across the affected area, in an 
attempt to re-direct the flow away from the aneurysm, allowing thrombus to form over time, closing the aneurysm sac and 
preventing possible future rupture. While the principle of these endovascular treatment options is clear, the actual execution 
of such surgery, the selection of the stent/coil that is appropriate for a particular patient, regarding its size, location and 
accessibility, and the issue whether or not the treatment will induce long-term closure of the aneurysm, are important open 
challenges. Fluid-mechanical analysis and computational modeling can provide critical information to support successful 
treatment.

Figure 2: (a) Clinical treatment challenge – selecting the approach that is best suited for a patient. After recording the specific 
problem in ‘DICOM’ format, a sequence of steps should provide quantitative flow prediction to support clinical decisions. (b) 
Suggested workflow connecting the raw DICOM representation to a fluid-mechanical analysis. 

With the impressive growth of medical visualization capabilities in the past decades, it is now possible to generate 
highly resolved 3D representations of the vasculature in the entire brain, as depicted in Figure 2(a). By appropriately 
zooming in on the aneurysm and extracting the precise geometry of the patient, a computational model may be envisioned 
with which the precise pulsatile flow and stresses can be predicted, supporting the selection of suitable treatment options 
to help cure the patient. The main challenge is to devise a workflow that would connect the DICOM representation 
of the patient’s aneurysm to a quantitative fluid mechanical analysis. A possible workflow is depicted in Figure 2(b) in 
which a sequence of steps renders the DICOM representation suitable for an immersed boundary method treatment 
of the fluid-mechanical problem. Public domain software tools such as ‘Horos’ and ‘Blender’ were used to prepare the 
geometry as recorded. In-house developed software was applied to translate the surface representation of the aneurysm 
in the ‘processed STL’ to a volume representation defining the precise flow domain. The immersed boundary method 
was developed further to yield a robust algorithm and accurate flow predictions – the entire simulation approach was 
implemented in ‘OpenFOAM’, an open source software platform for flow simulation. In this study an immersed boundary 
method was adopted [1,2], a ‘volume penalization method’ to be precise, with which even highly complex flow domains 
can be approximated effectively on a Cartesian grid. The concept is illustrated in Figure 3(a) and an example side-wall 
aneurysm is depicted in Figure 3(b).
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Figure 3: (a) Concept of  the immersed boundary method – flow through a complex domain with solid objects denoted in 
grey, is represented on a Cartesian grid in which a masking function H(x) takes the value ‘1’ in case solid material is located 
at x and ‘0’ otherwise. (b) An example of a side-wall aneurysm extracted from raw medical data and prepared for numerical 
simulation – the masking function equals ‘1’ outside this vessel structure and ‘0’ inside.

We illustrate the pulsatile flow as predicted by the immersed boundary method applied to incompressible flow in the 
geometry as shown in Figure 3(b). The characteristic features of a heart beat are shown in Figure 4(A) with a beating 
frequency slightly higher than one beat per second. The pulsatile flow shown here was driven at the inflow by the registered 
flow rate as a function of time, using Doppler anemometry. The detailed flow field that develops is depicted in Figure 4(B) at 
four characteristic stages during the heartbeat. Significant dynamics in the blood flow is clear, even at the low physiological 
Reynolds number of 250 adopted here. While the flow shows large, rather low velocity structures in Figure 4B(a), a strong 
jet is seen to form at the time of peak flow (Figure 4B(b)), putting considerable stress on the walls of the aneurysm sac. 
Later in Figure 4B(c) a patchy flow developed with many, smaller regions of high flow velocity, which calms again toward 
the end of the heart beat (Figure 4B(d).

Figure 4: (A) Flow velocity during a few heart beats, starting from quiescent flow. (B) Velocity magnitude shown in a plane 
through the aneurysm sac at four characteristic moments, showing considerable dynamics with periods of a jet forming at 
high velocity followed by much reduced flow at later times. This process repeats every heartbeat.
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The main question of clinical relevance is what the qualitative and quantitative changes in the flow field are, induced by 
the placement of a stent across the aneurysm. This question can be answered in detail using the computational approach 
outlined here, fully in the virtual domain, i.e., even before an actual surgery has taken place. A sample of such analysis is 
shown in Figure 5. The unstented situation in (a) is altered significantly after placement of a flow-diverting stent in (b). The 
entire aneurysm sac is characterized by almost total absence of any flow inside. This is highly beneficial for the formation 
of a thrombus over time, behind the delicately braided structure of the flow-diverting stent. The stent is recognizable in 
the Figure by the rows of white dots, corresponding to cross-sections through the wires of the stent. Such thrombus can 
effectively stabilize the aneurysm and take away almost all stresses and forces on the aneurysm wall, thereby considerably 
reducing the chance of rupture.  

Figure 5: Effect of placing a flow diverting stent across the side-wall aneurysm as illustrated in Figure 3(b): velocity magnitude 
at a typical time in (a) the unstented case and (b) the stented case. After placement of the stent, seen by the sequence of 
white dots in this cross-section, the velocity inside the aneurysm sac is much reduced and a thrombus may form, reducing 
the risk of rupture.

The workflow sketched in this brief sketch was applied successfully to the (automated) fluid-mechanical analysis of 
flow in intracranial aneurysms. Detailed, patient-specific medical imagery was used to define the precise flow domain 
representing the diseased tract of the vasculature. Using an immersed boundary method, implemented in OpenFOAM, the 
flow and stresses could be predicted in order to understand the risk to the patient. High-resolution simulations could be 
applied to predict the qualitative and quantitative modification of the flow due to the placement of a flow diverting stent.
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