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CHAPTER 11

INTRODUCTION
The findings of this thesis generate three main issues that need to be addressed. First, I discuss 

the need to obtain aneurysm hemodynamics in a patient-specific manner, followed by possible 

clinical routines for obtaining such information. Second, the strengths and limitations of presented 

studies and the underlying technology are discussed. Third, the main outcome of the comparison 

study in chapter 10 is absence of additional value of aneurysm hemodynamics for characterization 

of ruptured versus unruptured aneurysm. This outcome raises questions whether there still is 

a future for hemodynamics in rupture risk prediction, and whether additional studies are still 

required to determine its definitive role for this purpose. 

ARE PATIENT SPECIFIC PARAMETERS NEEDED  
FOR ACCURATE ANEURYSMAL HEMODYNAMICS?
Several groups have applied CFD based on generalized rather than patient-specific inflow 

conditions.1–3 Yet, we demonstrated a large inter-patient variability of blood flow velocity in 

intracranial arteries (Ch.4). Not accounting for such variability causes biases in CFD estimations 

that may range from incorrect scaling of velocity and shear stress to fundamental differences in 

flow characteristics.4 In Chapter 5 we show that indeed there is a large difference between the 

aneurysmal hemodynamics calculated with a patient-specific inflow boundary velocity and those 

calculated with a generalized (non-specific) inflow boundary velocity. This shows that aneurysmal 

hemodynamics are for a large part dependent on the inflow boundary velocity. Especially wall 

shear stress is strongly affected. Wall shear stress is derived from the blood flow velocity near the 

aneurysm wall and is therefore very sensitive to changes in inflow boundary velocity. Personalized 

estimates for boundary conditions in CFD are not easy to obtain, and as far as we are aware, we 

are currently the only group to incorporate patient-specific blood flow velocity information in a 

large group of aneurysm CFD models. A possible alternative approach could be to collect large 

databases of location-specific velocity ranges and profiles. We are currently collecting such data. 

ARE THERE OTHER OPTIONS FOR OBTAINING HEMODYNAMIC 
INFORMATION ON INTRACRANIAL ANEURYSMS?
CFD is a complex method which needs extensive pre-processing by specialized individuals and 

lot of computation time per case to obtain reliable results. These drawbacks make CFD unsuitable 

for use in clinical practice. An possible alternative way to obtain aneurysmal hemodynamics is 

shown in chapter 6, demonstrating that 4D phase contrast MRI at high field (3T) is capable of 

visualizing intra-aneurysmal flow patterns.5 This technique is very promising and can even further 

be optimized at very high field MR imaging (7T), improving signal-to-noise (SNR) and thereby 

resolution.6 Drawbacks are a lower spatial resolution compared to CFD, long acquisition time and 

loss of signal at low blood flow velocity. 

The hemodynamics above consider flow velocity but not pressure. The rationale for this is 

that flow patterns and the related WSS affect endothelial biology and therefore possibly aneurysm 

remodelling and rupture. Pressure also has a clear biological effect on vascular walls7 and may also 

be involved in rupture risk. In any case, the final rupture is the consequence of local mechanical 
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overload of the aneurysm under pressure. Intra-aneurysm pressure can be determined by 

guidewire technology, as is more common in the coronary circulation. 

We used the ComboWire®, a device which can acquire both blood flow velocity and blood 

pressure in small arterial structures, in intracranial arteries (Ch. 2,3,4). This is the only known 

technique for measuring intracranial intra-arterial blood pressure in or near intracranial aneurysms. 

Global experience is restricted to only a few research groups. Due to the lack of evidence, the value 

of local blood pressure in assessing intracranial aneurysms is very limited at this point. Future studies 

will have to show whether local blood pressure is of any value in rupture risk prediction. 

STRENGTHS AND LIMITATIONS OF THE PRESENTED STUDIES
The studies presented in this thesis have shown current limitations of using Computational Fluid 

Dynamics(CFD) for the determination of aneurysmal hemodynamics, and provided the field with 

improvements which contribute to optimization of the CFD method in intracranial aneurysms. 

However, we should consider some limitations. Most of the studies presented in this 

thesis have a small number of patients, which limits the generalizability of the results. These 

small populations were due to the use of experimental devices, extraordinary patient cases, or 

technical difficulty of the methods. Because most studies were intended as a proof-of-concept, 

the number of cases is of lesser importance. 

Results of the cross-sectional study of the patient population with ruptured and unruptured 

aneurysms of chapter 10 provided valuable information on the additional value of hemodynamic 

parameters. While univariate analyses in the current work and previous studies clearly argue for 

hemodynamic data as discriminators and candidate predictors for rupture, our multivariate models 

did however not show additional value when location and geometric data are accounted for.  

All comparison studies between ruptured and unruptured aneurysms are based on the assumption 

that aneurysm geometry does not change after rupture. That this assumption is incorrect, is shown 

in Chapter 8 and 9; aneurysms imaged after rupture are different in geometry compared to before 

rupture. It is therefore reasonable to say that the geometry in the ruptured group is not comparable 

to that of the unruptured group. Associations of hemodynamic parameters with aneurysm rupture 

obtained from case control studies comparing ruptured and unruptured aneurysms should therefore 

interpreted with caution and not automatically be used as risk factors for aneurysm rupture.

In fact, the unruptured aneurysms used in comparison studies represent two separate groups of 

aneurysms; aneurysms that have not yet ruptured and aneurysms that will never rupture. We know 

from studies on the natural history of intracranial aneurysms that a lot of aneurysms will never rupture, 

and that only a small percentage of the recognized unruptured aneurysms will eventually rupture.8,9

This puts most of the previously published comparisons between ruptured and unruptured 

aneurysms in perspective, including our own. To take post-rupture changes into account, we 

need to consider completely different study designs such as cohort studies to study geometric 

and hemodynamic risk factors for rupture.
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STRENGTHS AND LIMITATIONS OF THE UNDERLYING TECHNOLOGY
CFD is a complicated method for fluid behaviour simulation, with a very complex mathematic 

background. A number of approximations and assumptions have to be made before running a 

simulation, because several aneurysm parameters are difficult to obtain and implement, such as 

blood and aneurysm wall properties and inflow and outflow boundary conditions. Blood is usually 

approximated by a Newtonian model and vessel walls are considered rigid. By using patient-specific 

inflow boundary conditions in every patient we have made an important quality improvement step. 

In general, with any extensive calculation there is an inverse relation between the level of accepted 

uncertainty and the computation time. The computation time in Chapter 10 was between 48 hours 

and 10 days, limiting the implementation of the technique in clinical practice. 

IS THERE STILL A PLACE FOR HEMODYNAMICS?
Aneurysmal hemodynamics are thought to play a role in the formation, growth and rupture of 

intracranial aneurysms. Several studies with large patient populations have found associations of 

hemodynamic parameters with aneurysm rupture.1,2,10 In Chapter 10, we present the results of our 

study of 117 patients with patient-specific CFD models. In the multivariate analysis, the only two 

significant determinants for rupture were the aneurysm location and the presence of daughter 

sacs. Both of these variables can be obtained by using standard angiographic imaging in routine 

clinical environments. A valid question would be if there is still a place for hemodynamics in the 

rupture risk assessment of intracranial aneurysms.

I think that to discard aneurysmal hemodynamics as a risk factor for aneurysm rupture 

based on our study alone would be premature. We used an advanced CFD method, but despite 

the high quality CFD method, the cross-sectional design and the fact that aneurysm size was 

not significantly associated with aneurysm rupture could indicate that our population might 

be skewed. Future research has to show whether our results will be reproducible and whether 

hemodynamic parameters are associated with aneurysm rupture, or not. 

IS THERE ANY PLACE FOR ANEURYSMAL HEMODYNAMICS  
IN THE CLINICAL PRACTICE?  
Research in intra-aneurysmal hemodynamics has gained increasing attention from clinicians 

who encounter patients with intracranial aneurysm on a daily basis. The apparent contradiction 

between the results from longitudinal research (small aneurysm do not rupture) and routine 

clinical practice (many SAH patients have small aneurysms) shows a need for additional tools 

for rupture risk assessment. Currently, the evidence is not reliable enough to use aneurysmal 

hemodynamics in the clinical practice as a rupture prediction tool.

However, there seems to be a trend towards the use of simulated hemodynamics in treatment 

planning and determining treatment effects in neurointerventional radiology.11,12 In the last few 

years, it became more common to supply new neuro-interventional angiosuites(treatment 

facilities) with simple on-site CFD tools.13 These tools accommodate very low resolution CFD 

simulations for the use in daily practice. In this thesis we have shown that without proper boundary 

conditions, the result is probably not accurate. 
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Despite the lack of adequate boundary conditions, and the fact that there are no actual 

evidence based use cases at this moment for these tools, there are indications that these crude 

techniques are used in treatment planning.11,12 Hypothetically, a proper simulation of blood flow 

could aid the neurointerventionalist in making treatment decisions. CFD could show where 

the blood flow enters an intracranial aneurysm, which could be additional information useful 

in treatment planning. In practice, aneurysm treatment is aimed at optimal obliteration of the 

aneurysm, with preservation of the parent artery. It is currently under research whether CFD can 

be used to evaluate the effect of stent assisted coiling and occlusion status. 

FUTURE PERSPECTIVES AND RESEARCH OPPORTUNITIES 
Aneurysm rupture is a multifactorial process which is related to hemodynamics, the mechanobiology 

of the aneurysm wall, and the perianeurysmal environment. This means that aneurysm rupture is 

caused by weakening of the aneurysm wall to a point that blood pressure inside overcomes the 

tensile strength of the wall. We are currently unable to visualize weaknesses in the aneurysm wall in 

vivo. From histopathology studies with neurosurgery patients, we know that there are different types 

of aneurysms, with different aneurysm wall characteristics and different wall thickness.14 Regrettably, 

the current imaging tools lack resolution and imaging speed to reliably visualize the aneurysm wall, 

and histopathology can only be performed in laboratory setting on excised aneurysms. 

Advances in high field MR imaging techniques show increasing isotropic resolutions of up to 

0.5mm3. Although these resolutions are state-of-the-art, they are not sufficient to visualize the 

thin aneurysm wall of 0.05-0.40mm.15,16 Although one report suggests accurate wall measurements 

with the black blood double inversion recovery T1 weighted turbospin echo sequence (BBDI T1 

TSE)17, there is doubt whether this is reliable.18 Evidence is from animal studies is accumulating that 

inflammation plays an important role in aneurysm growth and rupture.19 Inflammation is therefore 

a potential therapeutic target for preventing aneurysm growth and rupture. Advances in very high 

field MRI (7T) are made using a 3D Magnetization Prepared Inversion Recovery (3D MPIR), focused 

on arterial wall enhancement as a surrogate for arterial wall inflammation.20

A future development is the use of labelled biomarkers to specifically enhance the aneurysm wall 

at local expression of inflammatory enzymes. An example of this development is macrophage imaging 

in the aneurysm wall using ultrasmall superparamagnetic particles of iron oxide (USPIO’s).21 

While prior applications of CFD have increased knowledge of hemodynamics within 

aneurysms, more realistic analyses can be performed by including wall properties in fluid-

structure interaction (FSI) CFD. 22 By combining high resolution MRI with FSI-CFD, it is possible to 

determine aneurysm wall distensibility, visualize flow patterns, and calculate the shear stress and 

mechanical stress of the aneurysm wall. Future studies should determine whether these analyses 

have additional value in rupture risk assessments.
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